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Invertases can influence plant biology in at least two ways; first, by affecting 

resource allocation among plant parts through cleavage of the transport sugar, sucrose, 

and second, by indirectly altering expression of genes sensitive to shifts in 

sucrose/hexose availability.  To initiate a test of roles and regulation for these invertases, 

their gene families in Arabidopsis thaliana were subjected to gene expression analyses.  

A search of predicted protein sequences in the Arabidopsis database indicated two 

vacuolar- and six cell-wall invertases in this species.  Clues to their functions were 

obtained by analyzing mRNA levels for individual genes using quantitative RT-PCR.  

The two vacuolar invertase mRNAs, AtvacINV1 and AtvacINV2, were predominated in 

vegetative tissues.  Sugar responses of the vacuolar invertases were reciprocal at the 

mRNA levels, with AtvacINV1 being up-regulated and AtvacINV2 being down-regulated.  

Analysis of mRNA turnover indicated that AtvacINV2 mRNAs were destabilized in 

glucose medium despite glucose induction of the AtvacINV2 promoter (as observed for 



xi 

the other invertases).  Reciprocal responses of the two vacuolar invertases at the mRNA 

level may be responsible for a precise balance of expression across different conditions.  

An additional approach to identifying functional significance of these genes was to test 

the impact of their inactivation in single and double mutants.  Activity in the vacuolar 

(soluble) fraction was markedly decreased in each of the single-gene knockouts, and 

undetectable in the double mutant.  Data confirm that these two genes encode 

functionally active soluble acid invertases.  Extensive phenotypic analysis revealed 

significant decreases in root length of single and double mutants on wet filter paper.  

However, roots of single mutants consistently outgrew those of wild-type seedlings in 

agar medium, where abundant osmolytes were supplied from agar medium for cell 

expansion.  In addition, vacuolar invertase knockouts had markedly altered molecular 

phenotypes that included changes in mRNA levels for cell wall invertases and sucrose 

synthases.  Mutants defective in the sugar-inducible AtvacINV1 showed diverse gene 

responses consistent with predicted reductions in signal-active hexoses.  Although effects 

of the AtvacINV2 mutation were more complex, evidence from the molecular phenotype 

of AtvacINV1 knockouts was consistent with an upstream role of this vacuolar invertase 

in sugar signaling.  
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CHAPTER 1 
INTRODUCTION 

Sucrose is the major carbonhydrate and energy source transported from green 

leaves to cells of growing plant part such as roots, fruits and seeds.  Invertase and sucrose 

synthase, the only known enzymes for utilization of sucrose in these cells, have profound 

effects on plant growth and development.  Although both enzymes cleave sucrose, the 

invertase reaction produces two-fold more hexoses (1 fructose + 1 glucose) than does the 

reversible sucrose synthase reaction (1 fructose + 1 UDP-glucose).  These differences 

mark an important distinction, because hexose formation can affect subsequent sugar 

sensing networks.  These signaling systems can be separated into those that depend on 

hexokinase (HXK) reactions (hexose + ATP → hexose-P + ADP) and others that are 

HXK-independent.  The signals for sugar sensing can be initiated from sugars such as 

sucrose, fructose or glucose, and the sensors themselves can be HXK and/or other 

proteins.  Because invertase activity typically contributes the majority of elevated 

hexoses in plant cells, this enzyme may play an important role in regulating sugar 

metabolite sensing (Figure 1-1).  

Although a number of recent studies have addressed the regulation and functional 

roles of acid invertase, little is known about the capacity of these enzymes to affect sugar 

signaling.  This is especially true for the vacuolar invertases despite the extent of their 

activity and expression relative to other forms in most vegetative tissues (Figure 3-5).  

Definitive analysis of the acid invertases has been complicated by the involvement of a 

multi-member gene family encoding both vacuolar and cell-wall forms (Sturm, 1999).  
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Recent completion, annotation, and release of the Arabidopsis thaliana genome now 

makes possible a thorough investigation of the entire acid invertase gene family and its 

gene regulation in this organism.  In addition, activity of both soluble- and cell-wall 

invertases have been confirmed in this species (Tang et al 1996; Stessman et al., 2002) 

and all eight predicted acid invertase genes give rise to detectable transcripts (Tymowska-

Lalanne and Kreis, 1998b; Sherson et al., 2003).  These previous studies also indicate 

important differences between expression of Arabidopsis invertases (Tymowska-Lalanne 

and Kreis, 1998a; Sherson et al., 2003), but a full-family analysis has not been 

undertaken nor have materials been developed to allow comparison of family members 

via quantitative mRNA expression.  Here, to initiate an investigation of regulation and 

roles for these invertases, the gene family members in Arabidopsis have been subjected to 

expression analyses. 

Based on sequence homology, two vacuolar invertase genes (AtvacINV1 and 

AtvacINV2), plus six cell wall invertase genes (AtcwINV1-AtcwINV6), are predicted in 

this species.  To begin this study, gene-specific primers and probes for Taqman- real-time 

RT-PCR were delineated to provide a sensitive method for detecting and quantifying 

gene expression.  An analysis of mRNA expression patterns for the entire acid invertase 

family in the major Arabidopsis organs was next undertaken.  Both vacuolar invertase 

transcripts predominated in photosynthetic organs, whereas mRNAs from two cell wall 

invertases, (AtcwINV2 and AtcwINV4), predominated in reproductive structures. 

Soluble acid invertases in maize can be distinguished by their responses to sugar 

abundance.  The Ivr1 invertase mRNAs are up-regulated by sugar starvation, whereas the 

Ivr2 invertase mRNAs are up-regulated by elevated sugar levels (Xu et al. 1996).  
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However, this contrasting regulation of vacuolar invertases has thus far been reported 

only in maize, and has not been tested in dicots or other species.  Therefore, sugar 

regulation of Arabidopsis vacuolar invertases was addressed in this study, and a similar, 

dichotomous response was revealed.  The AtvacINV1 mRNA level rose when sugar 

supplies were abundant, whereas levels of AtvacINV2 mRNAs decreased.  Time-course 

analyses were also undertaken to further dissect the glucose responses of these genes, 

especially the rapid repression of AtvacINV2.  Posttranscriptional control was also 

examined.  In addition, responses to sugar analogs were tested to address whether sugar 

repression of AtvacINV2 could also be regulated by disaccharides.   

To investigate the role of vacuolar acid invertases in photosynthetic organs, a T-

DNA knock-out approach was employed.  Single and double mutants were generated 

from plants obtained through the Arabidopsis Biological Resource Center.  These were 

screened in search of plants lacking detectable transcripts of either vacuolar invertase 

gene.  Mutant lines were confirmed to have T-DNA insertions by Southern blot analyses.  

Northern blots and RT-PCR analysis confirmed that the mutant lines had reduced levels 

of RNA.  In young Arabidopsis plants, soluble invertase activity from two AtvacINV1 

knock-out lines was reduced to ~36% of wild-type levels.  Soluble invertase activity in an 

AtvacINV2 knocked-out line remained at 24% of wild type.  No soluble invertase activity 

could be detected in the double mutant lacking functional genes for both AtvacINV1 and 

AvacINV2.  This resulted in a two-fold enhancement of sucrose accumulation by mutant 

plants (Stessman, 2004).  The present work also showed that the molecular phenotype of 

single invertase mutants included altered mRNA levels for cell wall invertases and 

sucrose synthases (catalyzing an alternate path for sucrose use).  In addition, a visible 
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phenotype was evident in altered root length when seedlings were grown on minimal agar 

medium or filter paper.  Data support the suggestion that vacuolar invertases function not 

only as metabolic enzymes, but also influence regulatory mechanisms. 

Major goals of work reported here have been to determine whether the 

dichotomous sugar response of vacuolar invertases extends from maize to Arabidopsis 

and to test hypotheses for physiological roles of soluble invertases in this species.  

Specific objective have been as follows.  

1. Characterize the Arabidopsis acid invertase gene family, from bioinformatic to 

mRNA expression analyses to provide clues for each member’s function (Chapter 3).   

2. Dissect the sugar responses of vacuolar invertases in Arabidopsis, with special 

focus on regulatory mechanisms mediating the distinctive glucose repression of 

AtvacINV2 (Chapter 4).   

3. Test biological roles of vacuolar invertases in knockout mutants of Arabidopsis 

(Chapter 5).   

 

Figure 1-1 Sucrose metabolism in plant cells.  The first step in sucrose use as an energy 
source is its cleavage.  This can be catalyzed by only invertase or sucrose 
synthase.  These enzymes are pivotal to the balance between hexose signals 
and metabolic products. 
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CHAPTER 2 
LITERATURE REVIEW 

Sugar sensing provides a critically important mechanism allowing plants to adjust 

their growth, metabolism, and development to the prevailing environment.  In general, 

sugars function as signals to repress the expression of genes for sugar acquisition and 

remobilization, while inducing the expression of genes for storage and utilization (Koch, 

1996; Rolland et al., 2002; Halford and Paul, 2003).  Sugar signaling in plants is 

complicated by the nature of photoautotrophy and associated adjustments of balance.   

Sucrose is the major transport form of carbohydrates in most plants.  The pivotal 

position of invertase in sugar signaling and carbon metabolism is based on its major role 

in hydrolysis of sucrose to glucose and fructose in an irreversible direction.  Invertases 

provide hexoses that serve as an energy source, generate osmotic pressure in growing 

tissues, and may have profound effects on sugar-regulated genes.  Invertases can mediate 

sucrose/hexose balance during the entire plant life cycle.  

Sugar Sensing 

From germination to flowering and senescence, sugar sensing is involved in 

numerous plant metabolic and developmental processes.  For example, during 

germination of rice seeds, sugars can repress the expression of α-amylase genes for sugar 

production (Yu et al., 1996).  In developing seedlings, sugars can repress hypocotyl 

elongation as well as cotyledon greening and expansion (Dijkwel et al., 1997; Arenas-

Huertero et al., 2000).  During other stages of development, sugars can induce the 

expression of genes for storage and utilization, such as patatin and ADP-Glc 
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pyrophosphorylase in potato tubers (Jefferson et al., 1990; Koch, 1996, Müller- Röber et 

al., 1990).  In senescing leaves, sugars can also decrease chlorophyll content and 

photosynthetic rate (Jiang et al., 1993).  Still further effects are evident in the capacity for 

sugar to rescue the late-flowering phenotype of several mutants (Araki and Komeda, 

1993).  In addition, increased sugar export and starch mobilization from leaves are 

implicated as critical factors for floral transition in Arabidopsis (Corbesier et al., 1998).   

There are several avenues of potential input into sugar sensing systems, and these 

can be perturbed in different ways.  Multiple sugar sensing pathways have been proposed 

to exist in plants (Koch, 1996; Halford et al., 1999).  One of these appears to involve 

hexokinase, the first enzyme of glycolysis, with a dual role in initiating sugar signals.  In 

plants, photosynthetic genes can be repressed by substrates for hexokinase such as 

glucose, and also by the minimally-metabolized analogs, mannose and 2-deoxyglucose 

(Jang and Sheen, 1994). 

There are also hexokinase-independent pathways.  One line of evidence is that in 

Chenopodium rubrum suspension cells, at least one invertase gene is induced by 6-

deoxyglucose, a glucose analog that can be transported into cells but not phosphorylated 

by hexokinase (Roitsch et al., 1995).  Also, a SnRK1 that encodes the yeast Ser/Thr 

protein kinase (SNF1) homolog in potato was shown to be required for sucrose synthase 

induction by sugars (Purcell et al., 1998).  In addition, hexose-transporter-like proteins 

have been implicated in sugar sensing.  Most hexose transporters facilitate the uptake of 

monosaccharides, including glucose and the other hexose analogs.  However, some of 

these, especially the transporter-like systems, appear likely candidates for initiation of 

sugar signals.  Recent studies in yeast suggest that transporter-like Glc sensors (Snf3 and 
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Rgt2), together with a G protein–coupled receptor (Gpr1), can function in glucose 

signaling (Rolland et al., 2001).  Hexokinase-dependent and -independent pathways were 

found to be involved in both up- and down-regulation of gene expression in rice (Ho et al, 

2001). 

An additional contributor to sugar signaling in plants appears to be trehalose, an 

unusual disacchardide that consists of two glucose molecules.  Although there are only 

trace amounts in most plants, a role has been implicated in osmoprotection, and recent 

evidence has suggested a link to glucose sensing (Avonce et al., 2005).  The biosynthesis 

of trehalose involves a two-step process mediated by trehalose-6-phosphate synthase 

(TPS) and trehalose-6-phosphate phosphatase (TPP) (as reviewed by Eastmond et al., 

2003).  The AtTPS1, one of 11 putative TPS genes in Arabidopsis, is expressed in all 

Arabidopsis tissues, and its disruption leads to an embryo lethal phenotype (Eastmond et 

al., 2002).  The arrested tps1 homozygous mutant can be rescued by an inducible AtTPS1 

expression system, and this experimental system also indicates that AtTPS1 is essential 

for normal root growth and transition to flowering (van Dijken et al., 2004).  In addition, 

a glucose-insensitive phenotype results when AtTPS1 is over-expressed, and levels of 

both treholose and trehalose-6-phosphate rise (Avonce et al., 2005).  Trehalose-6-

phosphate also accumulates rapidly when sucrose induces expression of AtTPS5 and 

inhibition of seedling growth results (Schluepmann et al., 2004).   

Trehalase, an enzyme that cleaves trehalose into its glucose constituents, has also 

been identified and isolated from plants (Goddijn and Smeekens, 1998).  In Arabidopsis, 

external feeding of trehalose strongly induces the expression of the starch-biosynthetic 

genes, ADP-glucose pyrophosphorylase, ApL3.  Induction of ApL3 leads to over-
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accumulation of starch in shoots and inhibits root growth (Wingler et al., 2000).  In 

soybean, trehalose also affects sucrose synthase and invertase activities (Müller et al., 

1998).  Furthermore, when accumulation of trehalose is stimulated by validamycin A, a 

trehalase inhibitor, strong reductions occur in starch and sucrose content of Arabidopsis 

(Müller et al., 2001).   

Crosstalk between Ethylene, ABA and Sugar Sensing in Young Seedlings 

Single plant hormones often affect many cellular responses, and different plant 

hormones can often elicit the same response.  These observations indicate a complicated 

crosstalk where signal components can be shared between hormone-response systems in 

plants.  Genetic analyses have shown that many ethylene-response mutants also alter 

ABA responses.  In general, ethylene appears to be a negative regulator of ABA at the 

level of germination, but positively regulates specific ABA actions in root growth.  

However, ABA does not interact with the “triple response” to ethylene by etiolated 

seedlings (short, thick hypocotyls, and enhanced curvature of the apical hook), nor is 

ethylene involved with ABA in stomatal closure.  Still, ABA and ethylene often interact 

closely and both modulate overall carbon status during early seedling growth and 

development (Gazzarrini and McCourt, 2001).   

Sugar sensing mutants have been isolated by screening for altered germination or 

seedling development on media with different sugar levels.  Alternately, transgenic plants 

that have altered expression of a sugar-regulated promoter have been developed.  

Analysis of sugar-hypersensitive and insensitive mutants has revealed extensive overlap 

with plants identified by screens for mutants defective in plant hormone signaling 

pathways (Rolland and Sheen, 2005).  Several sugar-insensitive mutants affect genes 

involved in ABA biosynthesis or signaling. For example, genes involved in ABA 
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biosynthesis were affected in gin1 (glucose insensitive 1), isi4 (impaired sucrose 

induction 4) and sis4 (sucrose insensitive 4) mutants (Laby et al., 2000; Rook et al., 2001; 

Cheng et al., 2002).  Gin6 is allelic to ABI4 (ABA insensitive), a plant-specific 

transcription factor (Arenas-Huertero et al., 2000).   

Sugar sensitivity in seedlings is also influenced by ethylene.  Mutants that 

overproduce ethylene or have constitutive ethylene responses are also insensitive to high 

glucose.  In addition, ethylene-insensitive mutants are glucose-hypersensitive (as 

reviewed by Gazzarrini and McCourt, 2003).  Identification of an Arabidopsis sugar-

insensitive mutant, for example, showed a constitutive response to ethylene (sis1 allelic 

to ctr1) (Gibson et al., 2001).  Also, several ethylene-insensitive mutants (ert1, ein2, ein3 

and ein6) show glucose hypersensitive responses, indicating that glucose sensing might 

be linked to ethylene signaling pathways, possibly down-stream of ETR1 (Cheng et al., 

2002; Leon and Sheen, 2003).  Alterations in ethylene signal transduction can thus also 

affect sugar responses. 

Invertases  

Invertases are β-D-fructofuranosidases (EC 3.2.1.26) that irreversibly hydrolyze 

sucrose to glucose and fructose.  This represents a key point of upstream input into sugar 

signals, and extends well beyond simple initiation of sucrose metabolism.  A number of 

different invertase isozymes have been identified and classed as soluble forms, which are 

readily extracted from the cytosol or vacuole, or insoluble forms, which are bound to cell 

wall components.  Within these groups are acid invertases, with optimum enzyme activity 

at acidic pH, and neutral or alkaline invertases, with optimum activity at just over pH 7.0.  

Invertase cDNAs and/or genes encoding insoluble and soluble acid invertases have been 

characterized from many plants, e.g. tomato, carrot, maize and Arabidopsis (Sturm, 
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1999).  The physiological advantage of having multiple invertase isozymes could be that 

of providing flexibility in the regulation of sucrose metabolism and mobilization under 

different developmental and environmental conditions. 

The gene structures for acid invertases are very similar and contain six to eight 

exons.  In almost all acid invertases, the second exon is the smallest functional one 

known in plant biology. This invertase exon codes for only three amino acids, DPN, of 

the conserved NDPNG motif in the catalytic domain.  

The mature acid invertases are N-glycosylated at multiple sites, and their molecular 

weights range from 55 to 70 kD (Tymowska-Lalanne et al., 1998a).  Although 

glycosylation does not seem to be essential for enzyme activity or stability, it is required 

for protein transport across either the plasma membrane (for cell wall invertases) or the 

tonoplast (for vacuolar invertases) (as reviewed by Tymowska-Lalanne and Kreis, 

1998a).  The attached glycan groups are believed to contribute prominently to the 

intrinsic stability of the acid invertases (Yamaguchi, 2002).  

The activity of cell-wall invertase (cwINV) determines whether a cell is exposed to 

apoplastic sucrose or hexoses and plays a central role in phloem unloading.  Therefore, 

cwINV controls many aspects of plant growth and development.  A mutation in an 

endosperm-specific cwINV in maize, for example, decreases kernel size (Cheng et al., 

1996).  In carrot, antisense reduction of cwINV action abolishes tap root formation and 

leads to increased foliar growth (Tang et al., 1999).  

The activity of vacuolar invertase can regulate turgor pressure, sucrose import, 

sugar composition and sugar signals, especially during the expansion phases of sink 

organs (as reviewed by Koch, 2004).  When activity of vacuolar invertase is reduced by a 
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constitutive antisense strategy in transgenic tomatos, sucrose levels increase, hexose 

content decreases, and fruits are 30% smaller than those of wild type controls (Klann et 

al., 1996).  Also, during the earliest period of maize kernel development, when young 

ovaries are abortion-sensitive, their earliest measurable response to drought stress is a 

rapid repression of vacuolar invertases (Anderson et al., 2002).  This response could 

contribute to maternal adjustment of ovary sink strength and kernel number.  

Induction of invertase activity is usually regulated at the transcriptional level 

(Rausch and Greiner, 2004; Gonzalez et al., 2005).  Invertase transcripts are highly 

responsive to hormones, sugars, pathogens, oxygen, and other environmental changes 

(Long et al., 2002; Trouverie et al., 2003; Roitsch et al., 2003; Zeng et al., 1999).  These 

stimuli can evoke opposite responses among different invertases, such as the glucose 

repression of Ivr1 and induction of Ivr2 (Xu et al., 1996).  Expression of the same 

invertase genes can also have contrasting responses in different organs, with Ivr2 mRNAs 

accumulating in drought-stressed maize leaves (Trouverie et al., 2003), but decreasing in 

drought-stressed kernels (Anderson et al., 2002).     

Inhibition of Invertases 

In addition to the control of gene expression in invertase gene families, enzyme 

activity may also be controlled by modification of vacuolar or apoplastic pH.  Cell wall 

and vacuolar invertases have highest activities at pH 4~5 and only remain 10% active at 

pH 6 (Rausch and Greiner, 2004).  

Another potentially important avenue by which plant invertases may be regulated is 

through action of proteinaceous inhibitors.  Several small invertase inhibitors, ranging in 

size from 15 to 23 kDa, have been purified from the cell wall in a number of plant 

species, e.g. tobacco, potato and maize (Rausch and Greiner, 2004).  They inhibit both 
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cell wall and vacuolar invertases in vitro but the specific action sites and targets in vivo 

remain unclear.  The first invertase inhibitor gene, Nt-inh1, was cloned and characterized 

from tobacco and is considered to be an apoplastic protein (Greiner et al., 1998).  

Analysis of its recombinant protein in vitro showed that although this inhibitor did not 

affect yeast invertase, it did decrease activity of cell wall invertases extracted from 

tobacco and Chenopodium rubrum, and as well as vacuolar invertases extracted from 

tomato fruit (Greiner et al., 1998).  Another invertase inhibitor (ZM-INVINH1 from 

maize) was also tested as a recombinant protein and found to decrease invertase activity 

in vitro (Bate et al., 2003).  RT-PCR and in situ analysis further showed that this ZM-

INVINH1 was prominently expressed in the embryo-surrounding region of the 

developing maize kernel (Bate et al., 2003).  The authors speculate that role of ZM-

INVINH1 at this locale may be to compartmentalize invertase activity away from the 

embryo during early kernel development and thereby delay embryo cell division and 

development relative to the endosperm (Bate et al., 2003).  Still another putative invertase 

inhibitor (Nt-inhh of tobacco) was hypothesized to target vacuolar invertases, and when 

overexpressed in potato, reduced vacuolar invertase activity by ~80% in source leaves 

(Greiner et al., 1999).  In these experiments, cell wall invertase activity was maintained at 

essentially unchanged levels in nontransformed controls (Greiner et al., 1999).  Because 

co-localization of vacuolar invertase and an invertase inhibitor have not yet been 

demonstrated, it remains unclear whether decreases of vacuolar invertase by invertase 

inhibitors represent actual in vivo action or are artifacts of ectopic expression or a 

contamination by in vitro enzyme assay.  
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Invertase inhibitors share a high level of sequence similarity with pectin 

methylesterase inhibitors (PMEI).  Recent analysis of PMEI structure has revealed an 

independent and necessary alpha-helical hairpin motif that can make differential use of 

similar modules to inactivate distinct enzymes (Hothorn et al., 2004).  However, most 

cases of decreased invertase activity appear to be controlled at the transcriptional level 

(Andersen et al., 2002; Rausch and Greiner, 2004; Gonzalez et al., 2005; Kohorn et al., 

2006).  Mechanisms were specifically compared for impairment of invertase activities by 

water deficit during meiosis in wheat anthers, which were found to occurr through down-

regulation of invertase transcripts, rather than by action of an invertase inhibitor (Koonjul 

et al., 2005). 

 

The Arabidopsis Acid Invertase Gene Family 

Analysis of cDNAs and of amino acid sequences indicates that there are eight acid 

invertase genes in Arabidopsis, and each produces a transcript (Tymowska-Lalanne and 

Kreis, 1998a; Sherson et al., 2003).  Six of these invertases are predicted to be cell wall 

forms and two to be vacuolar forms.  The six putative cell wall invertase genes have also 

been identified in the Arabidopsis thaliana genome (AtcwINV genes) (Sherson et al., 

2003).  Two cell wall invertase genes, AtcwINV1 (also called Atβfruct1; At3g13790) and 

AtcwINV2 (also called Atβfruct2; At3g52600) have been cloned and their expression 

examined (Tymowska-Lalanne and Kreis, 1998a).  The AtcwINV1 mRNAs are highly 

expressed in mature leaves; whereas AtcwINV2 transcripts are found only in flower tissue 

(Tymowska-Lalanne and Kreis, 1998a).  The AtcwINV1 is induced during fungal 

infection (Fotopoulos et al., 2003).  Later, expression patterns of six cell wall invertase 

genes were investigated all together and shown distinct levels and spatial patterns of 
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expression in 3-day-old seedlings, expanding rosette leaves, flowers, and developing 

seeds (Sherson et al., 2003).  Two vacuolar invertase genes, AtvacINV1 (also called 

Atβfruct3; At1g62660) and AtvacINV2 (also called Atβfruct4; At1g12240) have been 

cloned from Arabidopsis (Haouazine-Takvorian et.al, 1997).  The AtvacINV1 mRNAs are 

detected in the cotyledon, with less expression in tissues elsewhere.  The AtvacINV2 is 

expressed in young leaves (Haouazine-Takvorian et.al, 1997).  

Recently, heterologous expression of AtcwINV3 (At1g55120) and AtcwINV6 

(At5g11920) in Pichia pastoris showed that these enzymes have fructan exohydrolase 

(FEH) activities 70 and 150 times higher than their invertase activites, respectively (De 

Coninck et al., 2005).  In this system, AtcwINV1 showed a Km for sucrose of 1mM and 

did not have FEH activity (De Coninck et al., 2005).  Soluble acid invertase isoforms 

have been purified from mature leaves of Arabidopsis, and they have shown K m values 

for sucrose that ranged from 5 to 12 mM.  These in vitro analysis also indicated pH 

optima of 5.5 and maximal activity at 45 °C; implying a high thermostability for these 

enzymes (Tang et al 1996).   

The distinct expression patterns within the Arabidopsis invertase gene family 

indicate differential regulatory mechanisms.  Antisense-based decreases in 

AtcwINV1/Atßfruct1 (driven by a constitutive CaMV 35S promoter) resulted in a short-

silique phenotype and enhanced expression of AtcwINV2/Atßfruct2 in Arabidopsis 

flowers with emerging siliques.  Physiological compensation is thus indicated within this 

invertase family (Chaivisuthangkura et al, 1998).  

A functional promoter analysis has been undertaken for two cell wall invertase 

genes thus far.  One was from carrot (Ramloch-Lorenze et al., 1993) and the other from 
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Arabidopsis (Tymowska-Lalanne et al, 1996). When a 5’-deletion series of the carrot cell 

wall invertase promoter region was tested in a transient tobacco protoplast system, two 

putative silencer elements were revealed (Ramloch-Lorenze et al., 1993).  Transient 

expression analysis of the AtcwINV1/Atßfruct1 promoter in Arabidopsis protoplasts 

indicated three cis-acting elements: an A/T rich sequence, a repeated element 

(GTCTGC), and a putative wound-responsive element (TTGTGGAAACAAC) 

(Tymowska-Lalanne et al, 1996).  However, analyses have not yet addressed nuclear 

proteins that could directly bind to any invertase promoter region.  

Analysis of AtvacINV2/Atβfruct4 (At1g12240) showed this vacuolar enzyme often 

remains for extended periods in precursor protease vesicles (PPV) before being released 

into vacuoles. A vacuolar processing enzyme-γ (a cysteine protease) is also induced, 

accumulates in PPV, and is released into vacuoles along with one of its target proteins, 

the AtvacINV2 (Rojo et al., 2003).  In senescing organs, both the invertase and vacuolar 

processing enzyme are purportedly released together into the vacuole, where acid induces 

maturation of the protease and eventual turnover of the invertase. The regulation of 

vacuolar invertase therefore includes protein compartmentalization and turnover.  

Recently, fine mapping of a quantitative trait locus (QTL), together with a knockout 

mutant analysis, indicates that root length of Arabidopsis is also regulated at least in part, 

by AtvacINV2 (Sergeeva et al., 2006).  
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CHAPTER 3 
STRUCTURE AND EXPRESSION PROFILES OF THE INVERTASE GENE FAMILY 

IN ARABIDOPSIS  

Introduction 

Sucrose is the major carbohydrate and energy source for importing into plant cells.  

Invertase and sucrose synthase are the only known enzymes that can initiate utilization of 

this sucrose, and can therefore have marked effects on plant growth and development.  

Sucrose synthases convert sucrose into UDP-glucose plus fructose in a reversible 

reaction; whereas invertases irreversibly hydrolyze sucrose into glucose and fructose.  

Although both cleave sucrose, the invertase reaction produces two-fold more hexoses 

than does sucrose synthase.  This is an important distinction, because sucrose, glucose 

and fructose are important signaling molecules in addition to their roles in metabolism, 

cell expansion, osmotic adjustment and vacuolar sugar storage (Farrar, 1996; Xu et al., 

1996; Rook et al., 1998; Smeekens 2000).  

 A number of different invertase isozymes have been identified as either soluble 

(readily extractable from cytosol or vacuole), or insoluble (bound to cell wall 

components).  Within these groups are acid invertases, with optimum activity at low pH 

(~pH 5.0), and neutral or alkaline invertases with optimum activity at just over pH 7.0.  

Few of the latter have been characterized molecularly and only limited information is 

available on their function or biological roles.  They share low sequence homology with 

acid invertases and Vargas et al. (2003) speculate that the neutral invetases may have 

originated from orthologous prokaryotic genes.  Because activity of the neutral/alkaline 
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forms is typically quite low, acid invertases have received considerably more attention.  

Although functionally distinct, vacuolar and cell wall acid invertases had a common 

origin, and Ji et al (2005) speculate that vacuolar forms may have evolved from cell wall 

forms by replacement of a signal peptide from vacuolar alkaline phosphatase (Ji et al., 

2005).   

Soluble and insoluble acid invertase genes have now been characterized from a 

number of plants, e.g. tomato, carrot, maize and Arabidopsis (Sturm, 1999).  Both cell 

wall invertases (cwINV) and soluble vacuolar invertases (vacINV) share two conserved 

amino acid motifs, NDPNG and WECP/V, as well as a high degree of overall cDNA 

sequence homology.  In addition, both groups of genes typically have six to eight exons, 

and in most instances the second of these is the smallest known exon in plants.  Its nine 

base pairs encode the three-amino-acid DPN of the conserved NDPNG motif in the 

catalytic domain (Simpson et al., 2000).  Another conserved amino acid motif, WECP/V, 

is located at the C-terminal end of acid invertases.  Whereas cwINV enzymes contain a 

proline residue in this WECP/V motif, vacINVs have a valine residue at this site.  This 

single amino acid difference (P instead of V) leads to a more acidic pH optimum and 

substrate specificity for the cwINV proteins (Goetz and Roitsch, 1999).  The mature acid 

invertases are N-glycosylated and have molecular weights between 55 and 70 kD 

(Tymowska-Lalanne and Kreis, 1998b).  The physiological advantage of multiple 

invertase isozymes could be their provision of greater flexibility for regulation of sucrose 

metabolism and mobilization under diverse developmental and environmental conditions.  

Cell wall invertases can have central roles in long-distance transport, since their 

action immediately outside phloem of importing tissues could enhance mass flow by 
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lowering sieve-tube turgor at the import site.  In addition, cell wall invertases can help 

dissipate excess turgor in importing cells as they shift from expansion-based sinks to 

assimilate storage sites.  A quite different mode of action for these invertases also 

includes their probable impact on sugar signals through production of hexoses that can be 

sensed from the apoplast.  These in turn can affect numerous carbohydrate-responsive 

genes and developmental processes.  Examples that probably involve all three of these 

mechanisms include a mutation of endosperm-specific cwINV in maize that decreases 

kernel size (Cheng et al., 1996).  Also, in carrot, antisense reduction in cwINV action 

abolishes tap root formation and leads to increased foliar growth (Tang et al., 1999).  

Roles for vacuolar invertases seem often underestimated considering their activity 

per unit protein typically predominates over that of cell wall isoforms by 7-fold in 

vegetative tissues (Stessman, 2004).  Although the involvement of vacuolar invertases in 

osmotic change and stored sugars seems well-appreciated (Reviewed in Roitsh and 

Gonzalez, 2004), these enzymes (like the cell wall forms) can also have important roles 

in import and sugar signaling.  The vacuolar invertases generally act during early phases 

of development for newly expanding sinks (Koch, 2004), where they often constitute the 

primary avenue for cleavage of imported sucrose.  This role in sucrose use can also 

effectively aid expansion by harnessing the osmotic potential of the two-from-one, 

hexose-from-sucrose reaction in the vacuole.  Compartmentalization of hexoses within 

the vacuole also mediates the timing and extent of their availability for both metabolism 

and sugar signals.  Reduced vacINV activity has been reported in response to water-

deficit stress by young maize ovaries (Andersen et al., 2003) and also by wheat anthers 

(Dorion et al., 1996).  In maize, specific reductions in vacINV activity not only correlate 
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with the extent of subsequent kernel abortion, but clearly precede it (Andersen et al., 

2003).  The sequence of events is consistent with a causal relationship, possibly mediated 

by dual contributions from vacINV to cell expansion and sugar signaling (the latter 

affecting cell division). 

Further evidence for the distinct roles of vacuolar and cell wall invertases comes 

from the profound consequences to plant development that result from invertase 

expression at the wrong time, place, or level.  Experiments targeting yeast invertase 

expression to either cytosol, vacuole, or cell wall compartments, but expressing them 

throughout all organs of transgenic tobacco plants, led to stunted growth and reduced root 

formation (Sonnewald et al., 1991).  When over-expression was directed solely to the 

tuber sink organs of potato plants, however, cell wall invertases gave rise to fewer, but 

larger potatos.  In contrast, elevated expression of vacuolar invertases in tubers yielded 

more, but smaller potatos (Sonnewald et al., 1997).  In carrot, antisense reduction in 

activities of either vacuolar or cell wall invertases markedly changed the morphology of 

cotyledon-stage embryos (Tang et al., 1999).  However, when similar methods were used 

to repress vacuolar invertase in tomato (Klann et al., 1996) or mature potato tubers 

(Zrenner et al., 1996), sucrose content increased and hexose level decreased, but no major 

effects were evident in vegetative plant development. 

Arabidopsis has been reported to have six cell-wall invertase genes (AtcwINV1 

through AtcwINV6) and two vacuolar invertase genes (AtvacINV1- AtvacINV2), each with 

different patterns of spatial and temporal mRNA expression (Tymowska-Lalanne and 

Kreis, 1998b; Sherson et al., 2003).  However, profiles of expression from earlier reports 

did not include all acid invertase genes, and the specificity of probes for Northern blots or 
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primers for RT-PCR did not fit the requirement for in-depth analysis of the entire acid 

invertase gene family.  Quantitative real-time reverse transcriptase-polymerase chain 

reaction (Q-RT-PCR) has an unparalleled capacity to provide a quantitative comparison 

of expression by different members of a highly conserved gene family such as that of the 

acid invertases.  The high sensitivity and specificity of this approach (Bustin, 2000) has 

successfully defined contributions by specific family members in a xyloglucan 

endotransglucosylase/ hydrolase gene family (Yokoyama and Nishitani, 2001), the NRT2 

nitrate transporter family (Orsel et al., 2002), and the shaggy-like kinase multigene 

family in Arabidopsis (Charrier et al., 2002).   

In the present work, gene specific primers and probes were designed for each of the 

six AtcwINV and two AtvacINV genes.  All eight were further tested for specificity by 

appraising the extent of cross hybridization in the presence of equal cDNA levels from 

other family members.  To prepare standard curves for each of the eight acid invertases, 

constructs were generated with their respective cDNAs downstream of a T3 or T7 RNA 

polymerase promoter.  These were introduced into plasmids and used to drive isotope 

labeling sense RNA transcripts by in vitro transcription.  The RNA was quantified by 

scintillation counting and converted to number of molecules per µl (Bustin 2000).  

Development of this system allowed an absolute, quantitative comparison of all eight 

acid invertases at the mRNA level.  Here, this method is used to obtain functional clues 

for roles of each acid invertase by quantifying and comparing their respective mRNA 

contributions to different organs of a developing Arabidopsis plant. 
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Materials and Methods 

Plant Materials 

Arabidopsis thaliana (Col-0) seeds were surface-sterilized and soaked in sterile, 

distilled water for 4~5 d at 4ºC in the dark.  Seeds were sown on media solidified with 

0.16% (w/v) phytagel.  Murashige and Skoog (MS) medium (Cat.10632-057, pH 5.8, 

GIBCOBRL, U.S.A.) was utilized at half-strength strength, but without adding the 1% 

sucrose supplement typically included to enhance vigor of initial seedling growth 

(Martínez-Zapater and Salinas, 1998).  Material was cultured under cycles of 12-h light 

(80 µmol m-2s-1) and 12-h dark at 25ºC.  After 14 d, plantlets were collected for RNA 

extraction or transferred to soil, grown at 22°C with a 16-h photoperiod, and irrigated 

twice a week.  Organs were harvested from 5-wk-old plants.  All samples were 

immediately frozen in liquid nitrogen and stored at –80 °C until RNA extraction. 

Sequence Alignment and Phylogenetic Tree Construction 

Deduced amino acid sequences of eight Arabidopsis acid invertases were aligned 

using Multalin (prodes.toulouse.inra.fr/multalin/multalin.html) (Corpet, 1998) and the 

comparison illustrated using BoxShade (Figure 3-1).  Phylogenetic analysis of the 

Arabidopsis acid invertase protein sequences was carried out using PHYLIP (Felsenstein, 

1993) at the Biology Workbench (workbench.sdsc.edu) based on the CLUSTAL W 

program (Thompson et al. 1994).  The accession numbers of sequences from Arabidopsis 

used to construct the phylogenetic tree were: AtcwINV1 through AtcwINV6 

(NP_566464.1, NP_190828.1, NP_564676.1, NP_565837.1, NP_187994.1, 

NP_568254.1, respectively) and AtvacINV1-AtvacINV2 (NP_564798.1 and 

NP_563901.1, respectively). 
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The cDNA Cloning 

Full-length cDNAs of the cell wall invertase genes were isolated by RT–PCR, 

using gene-specific primers that encompassed the coding regions.  Primer pairs were 

designed with restriction enzyme cutting site (underlined) that included: for AtcwINV1, 

5’-TCGAATTCAAGCCACAAAGAAATTAAAT-3’ (EcoRI) and 5’-

GCACTAGTCAAATAAAATGTCATATATATTAGCC-3’ (SpeI); for AtcwINV2, 5’-

TACTCGAGATGAGTGCTCCAAAGTTTG-3’ (XhoI) and 5’-

GCACTAGTTCACTTTGCACCTTGGTTC-3’ (SpeI); for AtcwINV3, 5’-

TTGAATTCCAAAAGAAACAGAACAACAATG-3’ (EcoRI) and 5’-

GCACTAGTTCTTCAAATTTGGAAGTGAATG-3’ (SpeI); for AtcwINV4, 5’-

TCGAATTCATCACATTCTCTCCTTATTCAA-3’ (EcoRI) and 5’-

GCACTAGTGAGAGACTAAAGACAGAAAGATAC-3’ (SpeI); for AtcwINV5, 5’-

TCGAATTCATGGCTAATATAGTTTGGTGTAAC-3’ (EcoRI) and 5’-

GCACTAGTTTAAAGAGAAGACTTCATGCTC-3’ (SpeI).  PCR reactions were 

conducted using cDNAs synthesized with mRNA isolated from leaves, flower buds and 

10-day-old seedlings.  Three cDNA clones, U21060 for AtcwINV6, U11243 for 

AtvacINV1, and U09864 for AtvacINV2, were obtained from the ABRC stock center 

(Yamada et al., 2003). 

Real-Time Quantitative RT-PCR  

For each set of analyses, total RNA was extracted from three separate samples 

using RNeasy Plant Mini Kits (Qiagen, Valencia, CA), and treated with DNase (DNA-

free Kit, Ambion, Austin, TX).  Real-time quantitative RT-PCR was conducted on 200 

ng of RNA in 25-µL reactions using Taq-Man One-Step RT-PCR Master Mix Reagents 

(Applied Biosystems, Foster City, CA) and an Applied Biosystems GeneAmp 5700 
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sequence-detection system.  The primers and Taq-Man probes (designed with Applied 

Biosystems Primer Express software, Version 2.0) are described in Table 1.  The 

fluorescent reporter dye FAM and the quencher dye TAMRA were bonded to the probes’ 

5' and 3' ends, respectively.  Amplicon length was 66 to 78 bp.  For most genes, either the 

probe or one of the primers was designed to span two exons, thus avoiding amplification 

of any genomic DNA that may have been present.  Controls without reverse transcriptase 

were included for verification.  RT-PCR conditions were 48°C for 30 min, 95°C for 10 

min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min. RNA standards were 

synthesized from cDNAs (see below); the standard curves were linear from 1.2 x 10–10 to 

2.4 x 10–14 g. The Ct threshold value was determined to be 0.075.  Due to variable 

amounts of RNA input, quantification of specific transcripts was expressed relative to 

18S ribosomal RNA (Taqman® Ribosomal RNA Control Reagents, Applied Biosystems, 

Foster City, CA). 

RNA Standard Synthesis and Quantification 

The in vitro transcription (MAXIscripts in vitro transcription T7/T3 kit, Ambion) 

was conducted using 5.4 µM [5, 6-3H] Uridine 5'-triphosphate or 3.1 µM Uridine 5'-[α-

32P] triphosphate as the limiting nucleotide.  The efficiency of incorporation for [5, 6-3H] 

UTP into synthesized RNA was 44%–91% when evaluated by TCA precipitation of in 

vitro transcription products.  The 3H- and 32P-labeled RNAs were run on a 5% (w/v) 

polyacrylamide gel containing 8 M urea.  Each [32P] RNA synthesized in vitro indicated 

the position of the corresponding [3H] RNA and was visualized autoradiographically on 

X-ray film.  The [3H] RNA fragment of corresponding length of was excised, eluted in 

300 µl extraction buffer (Probe elution buffer, Ambion), and quantified by scintillation 

counting.  
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Results 

Similarity of Coding Sequences within the Arabidopsis Acid Invertases 

When the amino acid sequence of AtvacINV1 (At1g62660) was used in a BLAST 

search for other acid invertases in Arabidopsis, a total of 8 predicted members were 

identified.  Two were vacuolar invertases, AtvacINV1- AtvacINV2, and six were cell wall 

invertases, AtcwINV1- AtcwINV6.  Multiple, deduced amino-acid sequences of the eight 

acid invertases were aligned (Figure 3-1) and all were shown to include the 13 amino 

acid motifs most strongly conserved among other known acid invertases (Ji et al., 2005).  

The smallest mini-exon, which encodes three amino acids, DPN, was not recognized 

when two of the invertases (AtcwINV2 and AtcwINV5) were analyzed by gene 

prediction programs (Entrez Gene, NCBI).  However, analysis of cDNA sequences 

generated in the present study showed that the invertase mini-exon was indeed spliced 

correctly for these two genes (complete cDNA sequence for AtcwINV2, NM_115120, is 

also available in the NCBI database).  Alberto et al. (2004) proposed four amino acids, 

NDPN, essential for recognition and stable binding of sucrose.  These were also found 

here to be conserved in all eight Arabidopsis acid invertases (Figure 3-1).  Clustal 

analysis separated the eight acid invertases into four overall groups (Figure 3-2).  The 

two vacuolar invertase genes grouped together, the AtcwINV2 and AtcwINV4 genes for 

cell wall invertases grouped together, and a third group included the AtcwINV1, 

AtcwINV3 and AtcwINV5.  The AtcwINV6 was not groupted with others and located 

between the vacuolar and cell wall invertases in this unrooted phylogenetic tree.  

Genomic Organization of Invertase Loci 

The eight acid invertase genes are distributed among 4 chromosomes in 

Arabidopsis, with three on chromosome 1; three on chromosome 3; and one each on 
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chromosomes 4 and 5.  The AtcwINV3 gene, located on chromosome 1, was found to be 

flanked by genes encoding endomembrane protein 70 and an F-box family protein 

(Figure 3-3).  Another copy of these two genes was shown to flank a tandem repeat of 

two cell wall invertase genes, AtcwINV1 and AtcwINV5, on chromosome 3.  These three 

cell wall invertase genes shared the highest homology within the family (Figure 3-4B).  

The other two cell wall invertase genes, AtcwINV2 and AtcwINV4, were each also found 

in a similar, linear order relative to neighboring genes in segmental duplications of 

chromosome 3 and 2, respectively.  Down stream of AtcwINV2 were genes encoding 

ubiquitin extension protein 1 and 40S ribosomal protein S14.  Homologs of the same 

genes were also found down stream of AtcwINV4, which shared the highest homology 

with AtcwINV2.  A gene encoding an F-box family protein was found close to these two 

cell wall invertase genes.  Interestingly, these two invertase genes showed similar 

expression patterns, both characterized by particularly high levels of mRNA in 

reproductive organs (Figure 3-5).  For both vacuolar invertase genes, upstream sequences 

were found to encode a flavin-containing monooxygenease family protein, and a disease 

resistance protein belonging to CC-NBS-LRR class.  A gene encoding a NAM (no apical 

meristem) family protein was also found downstream of both genes, implying a 

segmental duplication had occurred on chromosome 1.  There was no similar gene found 

near AtcwINV6, the most divergent among the cell wall invertases.  Collectively, these 

data show similar arrangements of genes surrounding subgroups of invertases, providing 

hints for evolutionary events affecting this family. 
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Development of a Quantitative RT-PCR System for the Arabidopsis Acid Invertase 
Family  

 All of the Arabidopsis acid invertase genes are reportedly expressed at the mRNA 

level (Sherson et al., 2003 and Thymowska-Lalanne and Kreis, 1998).  BLAST 

comparisons between sequences at SIGnAL (http://signal.salk.edu/bl2seq.html) showed 

the highest amino-acid level homology for the gene pair that included AtcwINV2 

(At3g52600) and AtcwINV4 (At2g36190), with 76% identical and 86% similar 

sequences.  The second most closely-related gene pair was AtvacINV1 and AtvacINV2 

(At1g22420), with 76% identical and 84% similar sequences.  A close relationship was 

also observed between AtcwINV1 (At3g13790), AtcwINV3 (At1g55120) and AtcwINV5 

(At3g13784), which shared more than 77% similarity.   

The high level of protein-sequence conservation in the acid invertase family 

extended to the cDNA level (Figure. 3-4B).  Nucleotide sequences of the two vacuolar 

invertase cDNAs were found to share 78% identity, and two of the cell wall invertase 

cDNAs, AtcwINV2 and AtcwINV4 were found to share 77% identity.  Results were 

similar when cDNA sequences of AtcwINV1, AtcwINV3 and AtcwINV5 were compared. 

Due to the extent of sequence conservation among cDNAs within the acid invertase 

family, the Taqman real-time Q-RT-PCR approach was utilized to obtain gene-specific 

quantification of mRNA levels.  A high level of sensitivity and reproducibly was 

achieved.  To define expression profiles for the entire acid invertase family in various 

organs of plants, 8 sets of specific primers and Taqman probes were designed and the 

specificity of each was checked by a cDNA cross-hybridization test.  In these tests, each 

primer and probe set was utilized for PCR in the presence of an equal quantity of 

different acid invertase cDNAs.  To develop this system, full length cDNAs of 5 cell wall 
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invertase genes were each cloned by RT-PCR into a pCRII-TOPO vector (Invitrogen, 

CA, U.S.A.).  The other three cDNA clones (AtcwINV6, AtvacINV1 and AtvacINV2) were 

obtained from the ABRC stock center.  Figure 3-4A shows that each of the cDNA 

templates (listed with the accession numbers of corresponding loci) was specifically 

amplified and quantified by their own set of primers and probes.  Amplification signals 

were 107-fold lower when other sets of primers and probes were applied.  This level of 

specificity for primers and probes thus offers a precise means of detecting and 

quantifying each invertase, even when some members are highly represented relative to 

others.  Since specific antibodies for these glycosylated acid invertases have been 

difficult to generate, expression profiles of their mRNAs can provide important clues for 

the roles of these Arabidopsis acid invertase genes. 

Expression Profile of Acid Invertase Genes in Arabidopsis 

Previous work by Kreis and coworkers (Tymowska-Lalanne and Kreis, 1998a) 

used northern blot and RT-PCR analyses to characterize relative changes in expression of 

different invertases.  Later, initial work with non-Q-RT-PCR provided additional 

information on patterns of expression for cell wall invertases in seedlings, rosette leaves, 

flowers and developing seeds (Sherson, et al., 2003).  Although these data provided 

valuable insights into relative changes for a given gene, it was still not possible to 

compare contributions from different genes. 

Here, quantification of specific transcripts is provided by in vitro-transcribed, sense 

RNA transcripts that have been prepared for standard curves under either a T3 or T7 

RNA polymerase promoter.  Levels of each target mRNAs are calculated as the 

percentage of total mRNAs, and therefore allows levels of mRNAs from different genes 

to be compared.  There are two assumptions for this presentation. First, mRNAs comprise 
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3% of total RNA.  Second, average size of mRNA molecules is 3000 bp.  In this study, 

200 ng of total RNA was applied in each sample for analyses of real-time quantitative 

RT-PCR.  Therefore, 10-3 % mRNA in the following data indicated 6 x 10-11 nmole 

invertase transcripts (3.6 x 104 molecules) present in each 200 ng total RNA. Values are 

standardized to 18S rRNA to eliminate error from sample loading, and 18S rRNA level in 

200 ng of total RNA extracted from untreated wild-type plants was used as an arbitrary 

standard, and the standard deviation from levels of 18S rRNA in all samples tested in this 

study was less than 0.3.   

Figure 3-5 shows the mRNA levels of 8 acid invertase genes in different organs 

from 5-week-old Arabidopsis plants (values are standardized to 18S rRNA).  Plants at 

this stage of development were used to concurrently sample rosette leaves, cauline leaves, 

stems, flower buds, flowers, siliques, and roots.  Each invertase mRNA was detected in a 

unique pattern among these organs.  In general agreement with previous findings, 

expression patterns of invertase family members fell into two overall groups, organ-

specific or broadly expressed.  The AtcwINV2 and AtcwINV4 mRNAs were highly 

abundant in flowers; suggesting a potentially significant contribution to reproductive 

development.  The mRNA expression profiles for these two genes were very similar, 

however the AtcwINV4 mRNAs were 30- to 50-fold more abundant than those of 

AtcwINV2.  The AtcwINV5 and AtcwINV6 (At5g11920) were the major invertase 

transcripts expressed in roots.  Two cell wall invertases (AtcwINV1 and AtcwINV3), and 

both vacuolar invertases, (AtvacINV1 and AtvacINV2), were broadly expressed in leaves, 

roots, flowers and siliques.  For AtcwINV1, expression was greatest in flowers, less in 

roots, lowest and minimal in other tissues.  The AtcwINV3 mRNAs were present at 
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modest levels in sink tissues (stems, roots, and reproductive structures), but were low in 

photosynthetic leaves.  In most instances, mRNAs for vacuolar invertases were much 

more abundant than those of cell wall forms.  Transcripts of the vacuolar AtvacINV1 were 

relatively abundant in all tissues especially in roots, flowers and flower buds.  For the 

vacuolar AtvacINV2 mRNA, levels were greatest in leaves and least in roots. 

Figure 3-6 shows the respective contribution by each invertase gene to the total 

acid invertase mRNA level of above-ground vegetative organs.  In each instance, the 

vacuolar invertases contributed over 77% of the total acid invertase transcripts, and this 

rose to over 95% for rosette leaves.  For rosette and cauline leaves, levels of vacuolar 

invertase transcripts were about 9- to 18-fold greater than those of all the other cell wall 

invertases combined (Figure3-6).  Leaf samples from younger plants (2-wk-old) were 

further analyzed and mRNA levels of both vacuolar invertases were also found to be 

abundant at this stage (Figure 3-7).  Compared to rosette leaves from 5-wk-old plants, 

AtvacINV1 transcript levels were typically about 4-fold greater in leaves from the 

younger plants.  In contrast, AtvacINV2 mRNAs were about 4-fold less prevalent in 

rosette leaves of young plants than more mature ones. 

Discussion 

One contribution of this study is its establishment of a method for  gene-specific 

RT-PCR quantification of mRNA levels from each of the 8 acid invertase genes in 

Arabidopsis.  In the course of developing this system, the invertase genes and their 

syntenic contexts were also compared at a molecular level.  In addition, expression of 

each gene was individually quantified so that their respective contributions at the mRNA 

level could also be compared.   
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The 8 acid invertase genes of Arabidopsis include 2 vacuolar and 6 cell wall 

isoforms.  Alignment of amino acid sequences for these genes (Figure 3-1) showed 

extensive sequence similarities between them, and confirmed the presence of conserved 

motifs from other known acid invertases.  Ji et al. (2005) pointed out 5 amino acid 

residues in conserved motifs that consistently differ between cell-wall and vacuolar 

invertases.  In Arabidopsis, 4 amino acid residues fit their model.  In Figure 3-1, these 

residues are I/M in motif 5, P/V in motif 7, G/S in motif 9 and G/A in motif 13.  The fifth 

amino acid residue is S/A in motif 4, but the Arabidopsis cell wall invertase, AtcwINV5, 

contained an A in this position, as observed for two vacuolar invertases.  It is not clear 

whether these differences are functionally significant.  Although changes in the P/V of 

motif 7 can alter the pH optimum and substrate specificities of invertases (Goez and 

Roitsch et al., 1999), it is more difficult to envision a mechanism for functional effects of 

an S/A shift in an enzyme that is theoretically not subject to phosphorylation.  On the 

other hand, ClustalW analysis clearly separated the Arabidopsis vacuolar invertases from 

cell wall invertases using other criteria (Figure3-2). 

The genomic organization of invertase loci also showed similar gene arrangements 

and syntenic relationships within the vacuolar and cell-wall subgroups (Figure 3-3).  The 

positioning of these up- and down-stream genes relative to the invertases is consistent 

with the theory of segmental duplication (Kowalski et al., 1994), and observations by 

Paterson et al. (2000) that two-thirds of the Arabidopsis genome has been duplicated. 

With the exception of AtcwINV6, a similar order of neighboring genes was found for each 

of the vacuolar invertase genes and a different set of neighbors was identified for cell 

wall invertase genes (AtcwINV2 and AtcwINV4 were each flanked with one set of similar 



31 

 

neighbors, and AtcwINV3 shared another set of similar neighbor genes with the 

AtcwINV1+AtcwINV5 tandem repeat (Figure 3-3).  The known genomic structure, 

together with parallels in mRNA expression of invertase gene family members in 

different species provides clues to the evolution of these gene families. 

Spatial expression of Arabidopsis acid invertase genes was examined in various 

organs by quantitative real time RT-PCR.  Two cell-wall invertase genes (AtcwINV1and 

AtcwINV3) and two vacuolar invertase genes (AtvacINV1and AtvacINV2) were expressed 

in all organs tested.  The AtcwINV2 and AtcwINV4 cell-wall invertase mRNAs 

predominated in reproduction organs, whereas AtcwINV5 and AtcwINV6 transcripts were 

the most prominent in roots (Figure 3-5).  Among all organs analyzed from 5-week-old 

plants, flowers and flower buds had the highest levels of total acid invertase mRNAs.  

These were contributed primarily by the AtcwINV2 and AtcwINV4 cell wall invertases.  

The abundance of invertase mRNAs in reproductive sinks is consistent with the extent of 

sucrose use typically evident for these structures.  In 5-week-old Arabidopsis plants, 

flowers are expanding and young siliques are beginning to grow.  The preponderance of 

AtcwINV2 and AtcwINV4 mRNAs in flowers also indicates a capacity for these genes to 

be involved in in carbohydrate partitioning and establishment of metabolic sinks during 

reproductive onset.  

The high levels of AtcwINV2 and AtcwINV4 cell wall invertase mRNAs observed 

here in flowers and siliques may be analogous to those observed for the LIN5 and LIN7 

invertase mRNAs in tomato.  These mRNAs are detected only in reproductive organs of 

tomato, where Lin5 is highly expressed in ovaries and fruits, and LIN7 is detected only in 

stamens and pollen (Fridman and Zamir, 2003).  In addition, genes encoding a 40S 
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ribosomal protein are found down stream of both the tomato and Arabidopsis genes for 

the floral cell-wall invertases, indicating a micro-syntenic relationship (Fridman and 

Zamir, 2003).  More in-depth analysis of AtcwINV2 and AtcwINV4 expression in 

reproductive organs of Arabidopsis is in progress. 

The AtvacINV2 mRNAs predominated over other vacuolar invertase transcripts in 

mature rosettes, typically at levels 4-fold greater than those of AtvacINV1 (Figure 3-7).  A 

major soluble acid invertase was also purified from mature Arabidopsis leaves by Tang et 

al (1996) and the N-terminal amino-acid sequence of this protein showed a high 

homology to AtvacINV2 (10 residues, out of 11-amino-acid-sequence, were identical).  

This soluble invertase (probably AtvacINV2 ) was able to bind to Concanavalin A-

sepharose (indicating it was glycosylated) and the Km for sucrose found to be 12 mM 

(Tang et al., 1996).   

In summary, a quantitative RT-PCR method has been developed here that is 

specific for mRNAs from each of the 8 acid invertases in Arabidopsis.  It has allowed 

characterization and comparison of contributions by each acid invertase gene to different 

organs.  Direct comparison of mRNA quantities in this study showed that the most 

abundant acid invertase mRNA in any tissue was that of the AtcwINV4 cell wall invertase 

in flowers.  This high expression level is consistent with a potentially important role in 

reproductive organs.  In addition, AtcwINV6 and AtvacINV1 mRNAs were found to be 

the most abundant invertase transcripts in roots.  In 5 week-old Arabidopsis plants, the 

two vacuolar invertase mRNAs (AtvacINV1 and AtvacINV2) accounted for 77%, 90% 

and 95% of total acid invertase mRNAs in stem, cauline and rosette leaves, respectively.  

Profiles of expression for individual invertases provide clues to their functional roles.  In 
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addition, the microsyntenic order around invertase genes in this study should facilitate 

structural and functional comparisons of each to their orthologues in other species.  

Finally, development of this system for quantifying expression of the entire acid invertase 

gene family of Arabidopsis provides a plate form for testing diverse effectors of this 

pivotal point in central metabolism and resource allocation. 
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Table 1 Gene specific primers and probes designed for Taqman real-time RT-PCR of predicted Arabidopsis acid invertase genes: 
Sequences are written left to right from 5’ to 3’. 
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Figure 3-1 Multiple alignment of the Arabidopsis acid invertase gene family.  Five of the eight, full-length cDNA sequences 
(AtcwINV1 through AtcwINV5) were cloned in the course of the present study.  Arrows show the four amino acid residues 
proposed by Alberto et al. (2004) to be essential for recognition and stable binding of the sucrose substrate.  Well 
conserved regions from known acid invertases are underlined and numbered (Ji et al., 2005).  Identical residues are shaded 
in black, and similar residues are shaded in gray.  Dashes are gaps introduced to maximize alignment.  The alignment was 
produced with Multalin (Corpet, 1988) and the figure with BoxShade. 
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Figure 3-2 An unrooted phylogenetic tree of the Arabidopsis acid invertase gene family 
based on amino acid sequence similarities of coding regions (generated by 
Phylip’s Drawgram).  Values beneath each gene indicate predicted length of 
its peptide product.  There are two vacuolar invertases (designated as 
AtvacINV) (location of AtvacINV2 was confirmed by Rojo et al., 2003 and 
activity of AtvacINV was confirmed by Stessman, 2004).  There are also six 
cell wall invertases (designated as AtcwINV) (invertase activity has been 
confirmed for AtcwINV1 but recombinant AtcwINV3 and AtcwINV6 showed 
only fructan exohydrolase activity in a heterologous yeast system [De 
Coninck et al., 2005] ).  
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Figure 3-3 Genomic organization of invertase loci in Arabidopsis. Each block represents 
an open reading frame.  Similar patterns denote probable homologs.  A rooted 
tree of Arabidopsis acid invertases is shown at the left.  Direction of each gene 
(5’ to 3’) is indicated by the arrow heads. 
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Figure 3-4 Specificity for individual members of an Arabidopsis acid invertase gene 
family by each set of probes and primers for TaqMan real-time PCR (A).  
Fifty pg of each cloned invertase cDNA was added per reaction in pairwise 
tests against each of the other probe-primer sets.  Based on the same 
florescence threshold requirement, CT values were determined by 
quantitative, real-time PCR for each probe-primer set.  Under maximal 
CT=40, one CT cycle between target cDNA converted to two orders of 
magnitude.  Data show equal amounts of fluorescent signal produced by 50pg 
of each gene.  (B) Sequence similarities among acid invertase cDNAs. 
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Figure 3-5 Quantified mRNA levels for acid invertase family members expressed in 
different organs of 5-week-old Arabidopsis thaliana plants grown in soil at 
22°C, with a 16-h photoperiod.  Values were obtained using Taqman-based,  
quantitative RT-PCR analyses conducted with gene-specific probe-primer sets 
as shown in Fig 3-4.  For analyses, 200 ng of total RNA were used from each 
sample (extracted from rosette leaves, cauline leaves, stems, flower buds, 
flowers, siliques or roots).  Specific amplicons were used to detect mRNA 
expression levels of six cell wall invertase genes, AtcwINV1~6, and two 
vacuolar invertase genes, AtvacINV1 and AtvacINV2.  Values are expressed as 
percentages of total mRNA and were normalized relative to 18S rRNA.  Error 
bars indicate standard errors from three biological replicates.  Note different 
units on the Y axes.  
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Figure 3-6 Quantified contributions by individual acid invertase family members to total 
mRNA encoding these enzymes in vegetative organs of Arabidopsis.  Plants 
were grown in soil for 5 weeks at 22°C with a 16-h photoperiod.  Values were 
obtained using Taqman-based, quantitative RT-PCR analyses conducted with 
gene-specific probe-primer sets as shown in Fig 3-4.  For analyses, 200 ng of 
total RNA were used from each sample (extracted from rosette leaves, cauline 
leaves or growing stems).  Specific amplicons were used to detect mRNA 
expression levels of six cell wall invertase genes, AtcwINV1~6, and two 
vacuolar invertase genes, AtvacINV1 and AtvacINV2.  Values are expressed as 
percentages of total mRNA and were normalized relative to 18S rRNA.  
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Figure 3-7 Quantification of mRNA for vacuolar invertases in vegetative organs of 
Arabidopsis plants.  (A) 2-wk-old Arabidopsis plants on sugar-free 1/2MS 
medium under a 12h light/dark cycle at 25 °C.  Leaf samples were collected as 
shown, from cotyledons (Cot), first leaves (L1), second leaves (L2), third 
leaves (L3) and fourth leaves (L4).  Values were obtained using Taqman-
based, quantitative RT-PCR analyses conducted with gene-specific probe-
primer sets as shown in Fig 3-4.  For analyses, 200 ng of total RNA were used 
from each sample (extracted from cotyledons, first leaves, second leaves, third 
leaves and fourth leaves).  Specific amplicons were used to detect mRNA 
expression levels of two vacuolar invertase genes, AtvacINV1 and AtvacINV2.  
Values are expressed as percentages of total mRNA and were normalized 
relative to 18S rRNA.  Error bars indicate standard errors from three biological 
replicates.  Note different units on the Y axes.  (B) Tissues from maturing, 5-
wk-old Arabidopsis plant grown in soil at 16 h light/ 8 h dark cycle at 22 °C.  
Tissue samples were collected as shown, from rosette leaves, cauline leaves or 
growing stems.  The mRNA levels of AtvacINV1 and AtvacINV2 in rosette 
leaves, cauline leaves and stems are as described in (A).   
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CHAPTER 4 
SUGAR REGULATION OF VACUOLAR INVERTASE GENES  

Introduction 

Many genes respond to changes in the endogenous sugar environment. Some genes 

are induced by sugars, whereas others are repressed (Koch, 1996).  In general, genes 

affecting storage processes and carbon utilization are up-regulated by sugars.  Examples 

include patatin and ADP-Glc pyrophosphorylase in growing potato tubers (Jefferson et 

al., 1990; Müller- Röber et al., 1990).  In contrast, genes encoding enzymes for 

photosynthesis are typically repressed by sugars, such as previously observed in maize 

and Arabidopsis (Sheen 1990; Jang and Sheen 1994; Xiao et al., 2000).  Sugars are 

therefore proposed as signal molecules that modulate gene expression.  Sucrose is the 

major transport sugar in vascular plants and also regulates a number of genes.  Sucrose is 

readily cleaved into hexoses in plant cells, so in many cases, elevated hexose levels may 

be a direct result of enhanced sucrose import.   

Sugar sensing has been proposed to occur via several mechanisms in plants (Koch, 

1996; Halford and Paul, 2003; Rolland and Sheen, 2005).  A sugar molecule could be 

sensed extracellularly via a membrane-bound receptor molecule or intracellularly by 

different aspects of sugar metabolism.  Hexose transporters facilitate the uptake of 

monosaccharides, but in yeast, some of these have also been shown to function as 

membrane sugar sensors (Özcan et al., 1998).  A signaling role for these transporter-like 

glucose sensors can also include a G protein–coupled receptor (Johnston, 1999).  In 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=15667323&query_hl=1&itool=pubmed_docsum
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plants, an analogous dual function has been suggested for involvement of sugar carriers 

in glucose signaling (Lalonde et al., 1999; Lalonde et al., 2004). 

Another putative sugar sensing system appears linked to hexokinases, and can 

initiate intracellular sugar signals in plants (Jang et al., 1997; Xiao et al., 2000; Rolland 

and Sheen., 2005).  Mannose and 2-deoxyglucose are substrates for hexokinase, but are 

minimally metabolizable in most plants (Klein and Stitt, 1998).  Both hexose analogs 

repress photosynthetic gene expression, consistent with their perturbation of a hexokinase 

dependent pathway (Jang and Sheen, 1994).  However, these two glucose analogues 

would also be expected to deplete phosphate levels and alter AMP/ATP ratios.   

Two other glucose analogs, 3-O-methylglucose and 6-deoxyglucose, are commonly 

used to identify hexokinase-independent gene activation, because they can be transported 

but not phosphorylated by hexokinase (Jang and Sheen, 1994).  Expression of at least one 

cell wall invertase gene, for example, is enhanced by 6-deoxyglucose in Chenopodium 

rubrum suspension cells (Roitsch et al., 1995), indicating the presence of hexokinase-

independent pathways in plants.  Another cell wall invertase gene, CIN1 (AtcwINV1), 

remains unaffected in young Arabidopsis plants by either overexpression or antisense 

reduction of the AtHXK1 hexokinase (Xiao et al., 2000).  One hexokinase-independent 

system also appears to involve SnRK1, a SNF1-related kinase, which regulates sugar 

induction of a sucrose synthase gene in potato (Purcell et al., 1998).  Both hexokinase-

dependent and -independent pathways were found to be involved in up- as well as down-

regulation of gene expression in rice (Ho et al, 2001).  

Reciprocal sugar responses have been observed within some gene families, 

especially those mediating sucrose use (Koch et al., 1992; Xu et al., 1996).  Steady-state 
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levels of mRNA from one maize vacuolar invertase (Ivr1) are decreased by glucose, 

whereas those of another vacuolar invertase (Ivr2) are increased (Xu., et al 1996).  

Theoretically, this opposite sugar response by vacuolar invertase genes is not maize-

specific and is likely to occur in other species as well.  This hypothesis was tested in the 

present study by analyzing sugar responses of the Arabidopsis vacuolar invertase genes.  

In addition, sugar signaling mechanisms and possible roles were dissected by chemical 

and environmental perturbations.  Reciprocal regulation was indeed observed at the 

mRNA level for the vacuolar invertases of Arabidopsis (AtvacINV1 being up-regulated 

and AtvacINV2 down-regulated).  The apparent glucose repression of AtvacINV2 was 

rapid and clearly evident within 30 min in young Arabidopsis plants.  However, analyses 

presented here indicated that much of this repression may be due to glucose-based 

destabilization of the AtvacINV2 mRNA.  Glucose induced the AtvacINV2 promoter (as 

observed for the other invertases), but cordycepin blockage of transcription indicated that 

AtvacINV2 mRNAs were destabilized by glucose.  Work here thus indicates that 

reciprocal responses of the vacuolar invertases to sugars can be rapid, probably involves 

mRNA stability, and occurs across multiple species.  A precise balance of expression for 

these genes is evident during their responses to different conditions. 

Materials and Methods 

Plant Material 

Arabidopsis thaliana (Col-0) seeds were surface-sterilized and soaked in sterilized 

distilled water for 4~5 d at 4°C in the dark. Seeds were sown on half-strength Murashige 

and Skoog (MS) medium (Cat.10632-057, pH 5.8, GIBCOBRL, U.S.A.) solidified with 

0.16% (w/v) phytagel.  The typical sugar supplement for enhanced plant growth was 

omitted.  Plantlets were cultured under cycles of 12-h light (80 µmol m-2s-1) and 12-h 
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dark at 25°C.  After 2 weeks, they were transferred to 1/2 MS minimal liquid medium 

without sugar for 24h in the dark, at 56 rpm before testing responses pharmaceutical 

agents.  All plant material was immediately frozen in liquid nitrogen after harvesting, and 

stored at –80 °C prior to RNA or sugar extraction. 

 Soluble Sugar Detection 

Leaf samples were homogenized in 1 mL of extraction solution (80% ethanol, 4 

mM HEPES-NaOH, pH 7.5) and placed in a boiling water bath for 20 min.  Samples 

were then cooled briefly and centrifuged at 13,400 g for 5 min.  The soluble fraction was 

then transferred to a new tube and saved, while 1 ml of extraction solution was added to 

the insoluble fraction, vortexed briefly, and placed a boiling water bath for another 20 

min.  After centrifuging, the soluble fractions from these two extractions were pooled 

together, dried, dissolved in 250 µl of water, and extracted with 250 µl of chloroform to 

remove chlorophyll.  After centrifuging at 13,400 rpm for 5 min, the aqueous fraction 

was transferred to a new tube and analyzed for soluble sugar content.  Sucrose, glucose, 

and fructose were analyzed using a Sucrose/D-Glucose/D-fructose kit (Roche Applied 

Science, Indianapolis, IN).  

Genomic PCR of AtvacINV2::GUS Plants 

To obtain the AtvacINV2 promoter region, PCR was conducted using the following 

primers on genomic DNA.  The forward primer was 

AAGCTTGGACACCGATTCCTGTGACACG (HindIII); the reverse primer was 

GCGGATCCTGGCAAGAGAGCATCGGAGCTCGC (BamHI). The product was 

digested with HindIII and BamHI, and cloned into a pBI121 vector (digested with HindIII 

and BamHI) together to generate a AtvacINV2::GUS construct.  Transgenic 

AtvacINV2::GUS plants were obtained by the Agrobacterium-mediated floral dip method 
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(Clough and Bent 1998), and transformants were selected on kanamycin-containing 

media (Personal communication with Stessman, D.). 

Transgenic seeds containing AtvacINV2::GUS were gifts from Dr. S Rodermel.  

Genomic PCR analysis was conducted to confirm a 1379bp-DNA fragment that included 

the junction of promoter and GUS, using AtVIP2-5 (5'- TCTCTCTTCCAGCGAAGC -

3') as a specific primer for the 3’ end of the AtvacINV2 promoter and GUSR (5'-

CTGTAAGTGCGCTTGCTGAG-3') as a specific primer for the GUS gene. 

GUS Histochemical Assay  

Leaves were fixed in 90% acetone for 10 min and rinsed in a solution of 50 mM 

NaPO4 (pH 7.0), 0.4 mM K4Fe(CN)6⋅3H2O, and 0.5 mM K3Fe(CN)6.  Samples were 

vacuum-infiltrated for 10 min in a 50 mM NaPO4 (pH 7.0) buffer containing the GUS 

substrate, 2 mM X-Gluc (5-bromo-4-chloro-3-indolyl b-D-glucuronic acid), and 

incubated at 37°C for 16 h.  Chlorophyll was removed from samples by soaking each in 

70% ethanol (changed three times) for a total of 24 h.  Samples were photographed under 

a dissecting microscope (Leica MZ 125, Leica, Bensheim, Germany).  

One Step RT-PCR 

To detect levels of AtvacINV2 and GUS transcripts in AtvacINV2::GUS transgenic 

plants, a one-step RT-PCR strategy was undertaken with ATB4-3endLP(5'-

GTTGGGATGACTGCCAGTTT-3') and ATB4-3endRP(5'-

ACGGACAGCTTCGTCAGAGT-3'), as specific primers for AtvacINV2, to generate a 

858 bp cDNA-fragment.  For GUS transcrips, GUSF (5'-

ACCGTTTGTGTGAACAACGA-3') and GUSR (5'-CTGTAAGTGCGCTTGCTGAG-

3') were used to amplify a 780 bp DNA fragment.  TublinFP (5'-

CTCAAGAGGTTCTCAGCAGTA-3') and TublinRP (5'-



48 

 

TCACCTTCTTCATCCGCAGTT-3') were used as gene specific primers for Tubulin, 

and were applied to amplify a 483 bp DNA fragment.  

RT-PCR reactions were conducted with SuperScript™ One-Step RT-PCR System 

with Platinum® Taq DNA Polymerase (Invitrogen, Carlsbad, CA) using 0.2 µg of total 

RNA isolated from 2-wk Arabidopsis young plants. The amplified cDNA fragments were 

analyzed electrophoresis in a 1 % agarose gel and stained with EtBr.  

Quantification of Invertase Transcripts by Real-Time PCR 

Total RNA was extracted from three samples of different plants from each 

treatment.  RNeasy Plant Mini Kits (Qiagen, Valencia, CA) were used, followed by 

treatment with DNase (DNA-free Kit, Ambion, Austin, TX).  Real-time quantitative RT-

PCR was conducted using 200 ng of RNA in 25-µL reactions with Taq-Man one-step RT-

PCR master mix reagents as described in chapter 3. 

Results 

Sugar Regulation of Vacuolar Invertase Genes 

To characterize the sugar responses of vacuolar invertase genes in Arabidopsis, 2-

week-old plants were transferred to half-strength MS liquid medium either with or 

without 1% sucrose, and incubated in the dark for various lengths of time (Figure 4-1).  

Within 24h, AtvacINV1 mRNAs accumulated to levels almost two-fold greater under 

+sucrose conditions than in sugar-free medium.  The difference increased to 4-fold by 

48h, almost entirely because AtvacINV1 mRNA levels continued to increase in sucrose-

supplemented plants.  In contrast, AtvacINV2 mRNA accumulated in sugar-free medium, 

3-fold more than sucrose-supplemented media within the first 24h, and by nearly 2-fold 

within 48 h.  To determine whether sugar responses of vacuolar invertase genes were 

dosage dependant, Arabidopsis plants were incubated on half-strength MS liquid medium 
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with 0, 1, 3 or 5 % sucrose (Figure 4-1).  For AtvacINV1, mRNA levels showed a parallel 

relation to the concentration of sucrose, with 5% sucrose promoting an approximate 4-

fold increase in transcript abundance.  Although AtvacINV2 mRNA levels were decreased 

by sugars, there appeared to be a threshold effect.  AtvacINV2 transcript levels dropped 

by about 2-fold with addition of anywhere from 1 to 5 % sucrose.  

In sucrose-feeding experiments such as these, sugar responses may arise directly 

from sucrose or from the hexose products of its hydrolysis.  Two approaches were used to 

simplify interpretation of subsequent experiments.  One was to observe changes in 

expression under dark starvation (Figure 4-2) and second was to test expression after 

feeding glucose and sugar analogs (Figure 4-3, -4 and -9). 

For the first approach, 2-week-old Arabidopsis plants, grown on half-strength MS 

sugar free medium under a 12-h photoperiod, were separated into two groups.  One was 

covered with foil for an additional 9 h to provide a total of 24 h in the dark (Dark-24h); 

while the other group was grown under the original photoperiod (Light-9h) (Figure 4-2).  

Aerial parts of plants were then collected and levels of sucrose, glucose, and fructose 

determined.  Compared to plants grown under the standard 12-h dark/light cycle, those 

subjected to 24h of darkness showed a 2-fold repression of AtvacINV1 mRNA levels 

(Figure 4-2B), and a 3-fold induction of AtvacINV2 mRNAs (Figure 4-2C).  Glucose and 

fructose levels dropped markedly in the darkened plants, whereas sucrose content 

remained relatively similar (Figure 4-2D). 

In the second approach, responses of the vacuolar invertase genes were followed 

over time in 2-week-old Arabidopsis plants first transferred to sugar-free, half-strength 

MS liquid medium and incubated in the dark for 2 d, then supplemented with glucose.  
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The dark treatment was provided to deplete endogenous sugars.  Samples were collected 

throughout this period and immediately after glucose addition.  Levels of AtvacINV1 

mRNA decreased under starvation conditions and rose after 6h of glucose treatment 

(Figure 4-3A).  In contrast, AtvacINV2 transcripts were 2 to 4-fold higher after sugar 

starvation and were repressed by glucose to barely-detectable levels in less than 3h 

(Figure 4-3B). 

A shorter, more focused time-course of the glucose response was thus conducted 

for the 3-h period (Figure 4-4).  Rapid repression was observed, with only 30 % of 

AtvacINV2 mRNAs remaining after the first 30 min (Figure 4-4B).  Glucose induction of 

AtvacINV1, however, had not yet become evident (Figure 4-3A). 

Glucose, ABA and Ethylene Responses of the Atvacinv Genes 

ABA and ethylene can both modulate overall carbon status during early seedling 

growth and development (Gazzarrini and McCourt, 2001) and both can reportedly affect 

invertase gene expression (Trouverie et al., 2003).  Responses of the vacuolar invertases 

in Arabidopsis were thus used to test the degree of influence exerted by these effectors 

and the extent to which these interacted with sugar availability.  Young plants were 

treated with or without glucose alone or in combination with ABA (Figure 4-5) or the 

ethylene precursor, ACC (Figure 4-6).  The AtvacINV1 mRNAs were induced by not only 

glucose, but also by ABA.  However, co-treatment with glucose and ABA together 

decreased the AtvacINV1 mRNA level, compared to ABA treatment alone (Figure 4-5).  

Signal crosstalk between sugar and ABA thus compromised the extent of overall 

induction of AtvacINV1 by ABA.  ABA induction was also observed for AtvacINV2, and 

was most pronounced in the absence of a glucose supplement.  Repression of AtvacINV2 

was greatest when both ABA and glucose were present.  Both vacuolar invertase genes 
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thus responded inversely to sugar, but were maximally up-regulated by ABA alone.  A 

significant role of ABA is thus implied for regulation of both AtvacINV1and AtvacINV2. 

To test the ethylene responses of these genes, ACC (a precursor of ethylene) was 

added to the liquid culture medium.  ACC slightly up-regulated AtvacINV1, but the 

presence of glucose negated this response (Figure 4-6).  Levels of AtvacINV2 transcripts 

were unaffected by ACC (Figure 4-6).  Although ABA and ethylene interact closely in 

many aspects of plant biology, the ABA effects on vacuolar invertase genes was 

essentially ethylene-independent. 

Glucose Repression of Atvacinv2  

Among the expressed acid invertases in Arabidopsis vegetative organs, AtvacINV2 

was the only one down-regulated by glucose, while others were up-regulated (Chapter 5, 

Figure 5-11).  The glucose repression of AtvacINV2 was also more rapid.  Transcriptional 

and/or posttranscriptional regulation may be involved in this glucose repression of 

AtvacINV2.  To address this question, sugar responses were tested using transgenic plants 

with an AtvacINV2 promoter fused with a GUS reporter (from Dan Stessman and Steve 

Rodermel).  The promoter region of AtvacINV2 was amplified by PCR from genomic 

DNA, with the resulting 1358-bp product extending 27 bp downstream of the predicted 

translation start site (at +1).  The predicted TATA box was located at -81.  This promoter 

was ligated in frame with a full length GUS reporter.  A set of primers, was designed for 

amplification of the region between the AtvacINV2 promoter and GUS coding sequences.  

PCR products containing the AtvacINV2 promoter::GUS juction (around 1.5Kb) were 

generated when genomic DNA extracted from the AtvacINV2::GUS lines was utilized as 

a template, but not when DNA from the native AtvacINV2 of Col-0 was used (Figure 4-

7B). GUS activity was assayed in leaves from individual plants of all six transformed 
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lines.  Positive staining further confirmed expression of the AtvacINV2::GUS construct in 

transgenic lines (Figure 4-7C).   

Sugar responses of the AtvacINV2 promoter-GUS construct were tested using 

leaves detached from 2-week old transgenic plants.  These were first depleted of sugars 

by incubation in half-strength MS liquid medium minus sugars for 42h in the dark.  They 

were then fed either D-Glucose or L-Glucose (non-metabolizeable).  The endogenous 

AtvacINV2 was down-regulated by D-Glucose, whereas the GUS reporter, driven by the 

AtvacINV2 promoter was up-regulated (Figure 4-7D).  The length of the AtvacINV2 

promoter tested here (1358bp) was thus activated by D-Glucose, but the native 

AtvacINV2 mRNA was not able to accumulate under the same conditions.  A post-

transcriptional mechanism of regulation may be involved and could result in 

destabilization of AtvacINV2 transcripts under conditions of sugar abundance.   

To test this hypothesis, 0.6 mM Cordycepin was used to block transcription of new 

mRNA (Gutierrez et al., 2002), so that longevity of existing transcripts could be 

monitored.  After Cordycepin treatment, only 24.0±1.5 % of AtvacINV2 mRNA was left 

in leaves from the glucose-containing medium, while 45.5±4.0 % of the AtvacINV2 

mRNA still remained in the mannitol-containing medium (Figure 4-8A).  The longevity 

of AtvacINV2 mRNA was thus shorter when glucose was more abundant.   

Two plant mRNA instability elements, DST (downstream element) identifiable by 

ATAGAT and GTA regions (Sullivan and Green., 1996) were identified in the 3’UTR 

region of AtvacINV2; one was 32bp downstream of the stop codon and the other one was 

151bp away from the stop codon (Figure 4-8B).  DST elements have been reported to be 
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necessary for RNA instability in plants (Sullivan and Green, 1996).  These cis-elements 

may contribute to destabilization of AtvacINV2 mRNA in the presence of glucose. 

Sugar Regulation of AtvacINV2  

Mechanisms of sugar signaling that could contribute to repression of the 

AtvacINV2 vacuolar invertase were tested using glucose and sucrose analogs.  The 

sucrose isomers, palatinose and turanose, are reportedly not transported into soybean 

cotyledons or tomato suspension cells (M'Batchi and Delrot, 1988; Sinha et al., 2002).  

To determine whether either of these non-metabolizable sucrose isomers could affect 

levels of AtvacINV2 mRNA, 30mM palatinose or turanose were added to sugar-depleted, 

2-wk-old plants, and incubated for 8 h.  A decrease in AtvacINV2 mRNA levels was 

observed in response to both sucrose isomers, and its extent was the same as observed for 

sucrose (Figure 4-9).  Results implied involvement of extracellular disaccharide sensing. 

To determine whether glucose or its analogs could also reduce levels of AtvacINV2 

transcripts, effects of these sugars were tested in the same experimental system used 

above (Figure 4-9).  Mannitol was applied as a control to rule out an osmotic induction.  

Decreases in AtvacINV2 mRNA levels by glucose were mimicked by 2-deoxyglucose, 

which can be phosphorylated by hexokinase, but not further metabolized.  In contrast, 

abundance of the AtvacINV2 transcripts was unaffected by the glucose analog, 3-o-

methylglucopyranose, which reportedly cannot be phosphorylated by hexokinase.  

Expression of AtvacINV2 remained similar to that in the mannitol control.  Collectively, 

these data indicate that the glucose repression of AtvacINV2 is subject to input from both 

membrane-based disaccharide sensors and hexokinase-linked signals. 
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Discussion 

Sugars, especially sucrose and glucose, serve not only as the carbon source for 

plant growth but also signal molecules to regulate gene expression involved in 

photosynthesis and storage (Koch 1996).  Induction of cell wall invertase genes by sugar 

has been reported in tobacco, tomato and Arabidopsis (Krausgrill et al., 1996; Godt and 

Roitsch, 1997; Tymowska-Lalanne and Kreis, 1998a).  All three cell wall invertase 

transcripts analyzed here (Figure 5-9) were induced by glucose.  The induction of cell 

wall invertase transcripts is not repressed by their enzyme-reaction product, glucose, 

which is potentially advantageous for maintaining or enhancing the rate of hydrolysis for 

imported sucrose.  

Activity of acid invertases in the cytosolic fraction of Chenopodium rubrum 

suspension cultured cells is not affected by glucose, but that of acid invertases in the cell 

wall fraction is induced (Roitsch et al., 1995). Based on a complex pattern of glucose 

regulation shown here for acid invertases of Arabidopsis, glucose can induce one 

vacuolar invertase while repressing another. Similar results have also been observed for 

vacuolar invertases of maize (Xu et al., 1996). In these instances, and possibly for C. 

rubrum as well, the net balance of vacuolar invertase activity would not be altered during 

these reciprocal responses to glucose treatment at the mRNA level.  

Sugars specifically up-regulate some members of the invertase and sucrose 

synthase gene families while repressing others.  This was initially reported in maize, 

where carbohydrate deprivation up-regulates expression of the Ivr1 vacuolar invertase 

and Sh1 sucrose synthase, and sugar abundance increases mRNA levels of the Ivr2 

vacuolar invertase and Sus1 sucrose synthase (Koch et al. 1992; Xu et al. 1996).  In the 

present study, two vacuolar invertase genes in Arabidopsis also exhibited contrasting 
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patterns of sugar induction and repression, implying a general dichotomy of sugar 

regulation for vacuolar invertase genes exists among monocot and dicot species.   

Among all acid invertase genes reported so far, the sugar repressed forms are only 

found in a subgroup of vacuolar invertase genes (all known cell wall invertase genes were 

induced by sugar).  In addition to examples shown in maize and Arabidopsis, sugar 

repressed vacuolar invertase genes are also found in tomato (Godt and Roitch, 1997) and 

rice (Huang, data not shown).  Activity of vacuolar invertases in petioles of sugar beets 

are found to oscillate in parallel with levels of glucose and fructose, all reaching minimal 

levels at the end of the light period and increasing during the night (Gonzalez et al., 

2005).  A model for cell elongation in Arabidopsis has been proposed by Harmer et al. 

(2000), who suggest that cell wall loosening and expansion may occur during the night, 

followed by cell wall synthesis to reinforce the enlarged cell period.  They base their 

model on responses of 8,000 Arabidopsis genes in the hypocotyls of young seedlings.  

Hydrolysis of sucrose to glucose and fructose doubles the osmotic pressure; therefore, the 

dark-induced, sugar repressed form of vacuolar invertases could aid cell elongation 

process at the night.  

Interpretation of the sucrose repression observed for AtvacINV2 in response to 

direct addition of sucrose (Figure 4-1) was complicated by the ready cleavage of sucrose 

to hexoses throughout the plant.  The non-metabolizable sucrose analogs, palatinose and 

turanose, were applied here to investigate disaccharide-specific signaling (Loreti et al., 

2000; Fernie et al., 2001; Sinha et al., 2002).  These sucrose isomers differ in their 

glycosidic linkage between glucose and fructose.  Gas chromatography/mass 

spectrometry of palatinose has shown that it is not metabolized by any of the sucrolytic 
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activities in potato tuber extracts, including sucrose synthase or invertase (Fernie et al., 

2001).  These two sucrose derivatives stimulate a strong, transient induction of the cell 

wall invertase, Lin6, in tomato suspension cells (Sinha et al., 2002) and inhibit α-amylase 

in barley embryos (Loreti et al., 2000).  The present study showed that the non-

metabolizable sucrose analogs (palatinose and turanose), as well as the metabolizable 

sugars (sucrose, glucose and fructose), repressed gene expression of AtvacINV2 to similar 

degrees.  These data indicate that the repression by sucrose observed here results not only 

from the hexose cleavage products of sucrose, but also from some degree of disaccharide 

sensing itself.  In addition, responses observed with glucose analogs were also consistent 

with a contribution by hexokinase to the repression of vacuolar invertase genes.  

The complete genomic sequences of Arabidopsis and rice provide an opportunity to 

compare acid invertase families of dicots and monocots.  Two vacuolar invertase genes 

are evident in both species (Ji et al., 2005) and in rice, one of the vacuolar invertase 

genes, OsVIN1, was also repressed by sugar (Huang, data not shown). This indicates that 

sugar repression of at least one vacuolar invertase gene is likely to be conserved across 

many vascular plants.  So too is a post-transcriptional contribution to this regulation, as 

shown here for the AtvacINV2 vacuolar invertase (Figure 4-8).  

Sugars can affect plant gene expression not only by sugar catabolism but also by 

sugar signal transduction.  A primary line of evidence for this is that nonmetabolizable 

hexose analogs can affect gene expression.  The glucose analog, 2-deoxyglucose, is a 

substrate for hexokinase but it inhibits production of Glc-6-phosphate and ATP (Klein 

and Stitt, 1998).  It can be catabolized only at relatively low rate. In contrast, 3-O-

methylglucose can be transported into cells but is unable to be phosphorylated (Jang and 
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Sheen, 1994).  In the present study, accumulation of AtvacINV2 mRNA was decreased 

by applying 2-deoxyglucose, but not 3-O-methylglucose.  This implies that the 

mechanisms affecting glucose repression of AtvacINV2 mRNA included a HXK-

dependent pathway.  Although a HXK-dependent sugar sensing pathway has been 

established, HXK-independent sugar sensing pathways also exist in plants.  Expression of 

the cell wall invertase gene (AtcwINV1, Atβfruct1) in young Arabidopsis plants, for 

example, is not affected by overexpression or antisense of hexokinase, AtHXK1 (Xia et 

al., 2000). 

The major contributions of this chapter are the contrasting patterns of sugar 

induction and repression of vacuolar invertase genes found in Arabidopsis, the first 

reported in a dicot species.  Sugar repression of vacuolar invertase, AtvacINV2, was rapid 

(within 30 min) and was involved post-transcriptional control.  In addition, sugar 

repression of vacuolar invertase is commonly found in both monocots and dicots, and 

also contained RNA instability elements, implying similar post-transcriptional control 

would generally exist among different species.  
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Figure 4-1 Sugars up-regulate AtvacINV1 and down-regulate AtvacINV2.  (A and B) 2-
wk-old Arabidopsis plants were transferred to sugar-free half-strength MS 
liquid medium (-S) or medium with 1% sucrose (+S) for either 24 or 48 h.  (C 
and D) 2-wk-old Arabidopsis plants were transferred to sugar-free half-
strength MS liquid medium with either 1% (29.2 mM), 3% (87.6 mM) or 5% 
(146.0 mM) sucrose for 24h in the dark.  Aerial parts (rosettes with 7 leaves) 
were collected for RNA extraction.  Taqman-based quantitative RT-PCR (see 
text for details) was conducted using 200 ng of total RNA extracted from each 
sample.  Percentage of AtvacINV1 and AtvacINV2 mRNAs in total mRNA is 
shown.  Values were normalized relative to 18S rRNA.  Error bars indicate 
standard errors from three biological replicates.  Note different units on the Y 
axes.  
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Figure 4-2 Reciprocal regulation of the vacuolar invertases (AtvacINV1 and AtvacINV2) 
by light/dark treatments that alter soluble sugar levels in 2-wk-old Arabidopsis 
plants.  (A) Time-line for treatments designated “Dark-24h” or “Light-9h”.  
Plants from both groups were harvested at the same 24-h point (marked by 
arrows) and were visually similar at this time (images at left).  Prior to 
treatments, plants were cultured for 2 wks at 25°C under a 12-h photoperiod 
on sugar-free half-strength MS medium.  (B and C) In aerial plant-parts 
(rosettes shown in A.) respective levels of AtvacINV1 and AtvacINV2 mRNAs 
were quantified by real-time Q-RT-PCR.  Values are expressed as percentages 
of total mRNA and normalized relative to 18S rRNA.  Error bars indicate 
standard errors from three biological replicates.  (D) Soluble sugar levels in 
aerial plant-parts. 
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Figure 4-3 A time-course of responses to glucose starvation + 50h of recovery (+G) by 
mRNAs for two vacuolar invertases, (A) AtvacINV1 and (B) AtvacINV2, in 2-
wk-old whole Arabidopsis plants.  Plants were transferred to sugar-free half-
strength MS liquid medium for 48 h in the dark, then moved to medium with 
55.5 mM (1%) glucose.  Taqman-based Q-RT-PCR was used to analyze 200 
ng of total RNA extracted from each sample.  Values were normalized to 18S 
rRNA.  Error bars indicate standard errors among three biological replicates, 
and are too small to be visible where not shown. 
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Figure 4-4 A time-course of responses to glucose starvation + the first 3h of recovery 
(+G) by mRNAs for two vacuolar invertases, (A) AtvacINV1 and (B) 
AtvacINV2, in 2-wk-old whole Arabidopsis plants.  Plants were transferred to 
sugar-free half-strength MS liquid medium for 48 h in the dark, then moved to 
medium with 55.5 mM (1%) glucose.  Taqman-based Q-RT-PCR was used to 
analyze 200 ng of total RNA extracted from each sample.  Values were 
normalized to 18S rRNA.  Error bars indicate standard errors among three 
biological replicates.  
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Figure 4-5 Glucose and ABA responses by mRNAs for two vacuolar invertase genes (A) 
AtvacINV1 and (B) AtvacINV2 in 2-wk-old Arabidopsis plants.  Experiments 
were initiated by transferring plants to sugar-free half-strength MS liquid 
medium for 72 h in the dark, and then to half-strength MS liquid medium with 
(+) or without (-) 55.5 mM Glucose (Glc) and / or 5 µM ABA for an 
additional 28 h (also in darkness).  Taqman-based Q-RT-PCR was used to 
analyze 200 ng of total RNA extracted from each sample.  Values were 
normalized to 18S rRNA. Error bars indicate standard errors among three 
biological replicates.  
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Figure 4-6 Glucose and ACC responses by mRNAs for two vacuolar invertase genes (A) 
AtvacINV1 and (B) AtvacINV2 in 2-wk-old Arabidopsis plants.  Experiments 
were initiated by transferring plants to half-strength MS liquid medium with 
55.5 mM Glc for 24 h in the dark. Each was washed three times with half-
strength MS sugar-free liquid medium before transfer to half-strength MS 
liquid medium with (+) or without (-) 55.5 mM glucose (Glc) and / or 50µM 
ACC for an additional 26 h (also in darkness).  Taqman-based Q-RT-PCR was 
used to analyze 200 ng of total RNA extracted from each sample.  Values 
were normalized to 18S rRNA.  Error bars indicate standard errors.  
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Figure 4-7 Analysis of AtvacINV2 promoter::GUS activity in mature Arabidopsis plants 
and comparison of sugar responsiveness to the endogenous gene.  (A) 
Schematic representation of the AtvacINV2::GUS transgene relative to the 
endogenous AtvacINV2 gene.  (B) Genomic PCR analysis using specific 
primers to amplify a 1379 bp-DNA fragment that includes the promoter::GUS 
junction.  Six transgenic plants were selected at random from 1-mo-old 
progeny of a T1 plant containing the 3’ end of the AtvacINV2 promoter and 
the 5’ end of the GUS genes in six AtvacINV2 promoter::GUS transgenic 
plants.  Nontransformant wild-type (Col-0) was used as a negative control.  
(C) GUS activity was assayed in rosette leaves from each of the same plants.  
(D) Sugar responses of the AtvacINV2 promoter::GUS transgene and the 
endogenous AtvacINV2 in 2-wk-old plants.  Leaves and cotyledons were 
samples from opposite sides of ten, individual, plants after starvation in the 
dark for 42 h (lane 1 and 2), followed by transfer to liquid media for an 
additional 24 h with D-glucose (lane 3 and 5) or L-glucose (lane 4 and 6).  
Leaves from ten different plants were used for each of the two experiments 
shown.  Total RNA was exacted and GUS, AtvacINV2, and Tubulin mRNA 
were analyzed by RT-PCR.  Each lane was loaded with 400ng of total RNA as 
template, previously amplified with 20 cycles of PCR.  
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Figure 4-8 Longevity of AtvacINV2 mRNA.  (A) Two-wk-old Arabidopsis plants were 
transferred to darkness and sugar-free half-strength MS liquid medium for 24 
h, then fed 0.6 mM Cordycepin, with either 1% glucose or 1% mannitol for 0, 
1, 2 or 4 h.  Total RNAs were extracted and AtvacINV2 mRNAs were 
quantified by real-time Q-RT-PCR.  Using Cordycepin treated time=0 as 
100%, the relative percentage of total AtvacINV2 transcripts was labeled for 
each time point.  Error bars indicate standard errors.  (B) The 3’untranslated 
region of AtvacINV2.  The stop codon, TGA, is indicated by capital letters.  
Sequences similar to an mRNA-destabilizing element, DST, are indicated by 
bold capital letters, and identical nucleotides are underlined.  The position of 
the poly(A) signal is labeled by dots. 
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Figure 4-9 Effects of sucrose analogs and glucose analogs on AtvacINV2 mRNA levels in 
2-wk-old Arabidopsis plants.  Plants were transferred to sugar-free liquid half-
strength MS medium for 36 h and then fed with 30 mM sugars, including 
mannitol (Man), sucrose (Suc), palatinose (Pal), turanose (Tur), glucose (Glc), 
frutose (Fru), 2-deoxyglucose (2doG) or 3-o-methylglucopyranose (meGlc) 
for 8 h in the dark.  Total RNAs were extracted and AtvacINV2 were 
quantified by real-time Q-RT-PCR.  Values were normalized to rRNA.  Error 
bars indicate standard errors among three biological repeats. 
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CHAPTER 5 
MUTANT ANALYSIS OF TWO VACUOLAR INVERTASES IN ARABIDOPSIS  

Introduction 

Sucrose is synthesized in source leaves and transported to sink organs, like flowers 

and roots.  Further metabolism is required, and this is initiated by either sucrose synthases 

or invertases.  These are the only two plant enzymes known to cleave the α1-β2-

glycosidic bond within sucrose.  Sucrose synthases reversibly cleave sucrose into UDP-

glucose and fructose; whereas invertases irreversibly hydrolyze sucrose into glucose and 

fructose.  

Plants have two types of acid invertases, both of which show optimal activity at an 

acidic pH.  The vacuolar invertases are located in vacuoles and the cell-wall invertases 

are secreted into the apoplast.  A primary role of vacuolar invertase is to provide hexoses 

to support growth in actively growing tissues (Tymowska-Lalanne and Kreis 1998b).  

The current models for functions of vacuolar invertases center on regulation of sucrose 

levels in the vacuole and remobilization of sucrose for metabolic requirements.  The 

activity of vacuolar invertase often coincides with cell expansion and may affect extent of 

enlargement by providing hexoses that can serve as osmotic solutes.  Vacuolar invertases 

are considered primary determinants of sink strength in expanding organs.  However, cell 

wall invertases can also cleave sucrose if it is unloaded directly into the apoplast from the 

sieve elements of phloem.  In this way, cell-wall invertases can contribute to sucrose 

partitioning.  Cell-wall invertase activity can also reduce turgor–based inhibition of 

symplastic transfer (as reviewed by Koch, 2004). 
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Considerable interest has been directed toward determining the role of acid 

invertases and studies have extended from expression of yeast-derived invertases in 

diverse transgenics, to antisense repression of endogenous forms in species such as 

tomato, potato, and carrots (Klann et al., 1996; Zrenner et al., 1996; Tang et al., 1999).  

However, these approaches have not been able to address individual roles of different 

invertases in this gene family.  Antisense or RNAi strategies provide well-accepted 

means for blocking expression of a given gene, but promoter efficiency can vary among 

tissues and a small amount of unblocked transcript may be sufficient to maintain wild-

type status.  In addition, a high degree of sequence similarity was evident among cDNA 

sequences in the acid invertase family of Arabidopsis.  In this case, application of 

antisense or RNAi could have affected more than one invertase transcript.  It is thus not 

yet possible to study individual roles of all invertase isomers in this 8-member gene 

family. 

However, in Arabidopsis, T-DNA mutagenesis provides an excellent means to 

silence specific genes and study their function (T-DNA mutagenesis results in insertion 

of T-DNA into a given gene, which is typically disrupted enough to yield a null 

mutation).  Resources for reverse genetic screening of Arabidopsis thalina include the 

Arabidopsis Biological Resource Center (ABRC) and the Arabidopsis Knockout Facility 

at the University of Madison-Wisconsin Biotechnology Centre.  For work presented here, 

T-DNA insertion mutants of vacuolar invertases were requested from ABRC and 

knockout lines were used to study roles of individual members in the vacuolar invertase 

family. 
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Because both sucrose synthase (SUS) and invertase function on the same substrate, 

sucrose, the expression levels of SUS gene family members were also investigated in the 

vacuolar invertase mutants.  Sucrose synthase (SUS; EC 2.4.1.13) catalyses the reversible 

conversion of sucrose and UDP, to UDP-glucose and fructose.  SUS activity often 

correlates with the sink strength of storage organs and provides UDP-glucose for starch 

synthesis (Zrenner et al., 1995).  SUS expression is also associated with developmental 

processes such as nodule development in legumes (Hohnjec et al., 1999) or apical 

meristem functioning in tomato (Pien et al., 2001).  In addition, SUS is proposed to play a 

role in cell wall biosynthesis and may be associated with the cellulose synthase complex 

(Delmer and Amor, 1995; Winter and Huber, 2000).  In vitro experiments suggest that 

the phosphorylation status of SUS could determine whether SUS is soluble or membrane-

bound (Winter et al., 1997; Hardin et al., 2004).  The genomic database for Arabidopsis 

indicates six putative SUS genes, AtSUS1 to AtSUS6.  Initial work (Baud et al., 2004) 

using a relative quantitative reverse transcriptase-polymerase chain reaction showed that 

the mRNA expression profiles of these six AtSUS genes exhibited distinct patterns that 

are partially redundant in different organs and treatments.  These included oxygen 

deprivation, dehydration, cold, and sugar feeding.  Both AtSUS1 (At5g20830) and 

AtSUS4 (At3g43190) mRNAs were also induced under anaerobic conditions (Baud et al., 

2004).  In contrast, AtSUS3 (At4g02280) mRNAs were induced under dehydration stress 

and the AtSUS2 (At5g49190) gene was highly induced in developing seeds (Baud et al., 

2004).  The AtSUS5 (At5g37180) and AtSUS6 (At1g73370) genes are essentially 

unresponsive to stress and are expressed in most organs (Baud et al., 2004).  Here, a 

hypothesis was proposed that one or more mechanisms of fine tuning may control 
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expression of genes for sucrose cleaving enzymes, mainly vacuolar invertase, cell wall 

invertase, and sucrose synthase.  The lack of vacuolar invertase genes may alter the 

mRNA expression of the other two sucrose cleaving enzymes.  This hypothesis was 

tested in the present study by quantitative RT-PCR analyses in vacuolar invertase 

mutants. 

Materials and Methods 

Plant Materials 

Arabidopsis thaliana (Col-0) plants were grown as described previously in Chapter 

4. Organs for GUS assays were harvested from 2-month-old plants.  For DNA and RNA 

extraction, all samples were immediately frozen in liquid nitrogen and stored at -80 °C 

until extraction. 

GUS Histochemical Assay  

Whole plants or organs were fixed in 90% acetone and stained with GUS 

substrate, 5-bromo-4-chloro-3-indolyl b-D-glucuronic acid, as described previously in 

chapter 4.  

Southern Blot Analysis 

 Genomic DNA was isolated from Arabidopsis leaves using an extraction buffer 

containing 1% SDS, 100mM sodium chloride, 50 mM EDTA, 1.4% β-mercaptoethanol, 

and 100 mM Tris-HCl (pH 8.0).  Digests were conducted overnight with DNA (10 µg) 

and restriction enzymes, then loaded onto 1% agarose gels for electrophoresis at 40 volts 

for 12-16 h.  Gels were washed with 0.2 M hydrochloric acid for 10 min, soaked with 0.2 

M sodium hydroxide for 90 min, rinsed with 10X SSC ( 1.5 M NaCl, 150 mMM Na-

citrate; pH7.0) and blotted onto Hybon-N nylon membranes by capillary transfer.  The 

membrane-bound DNA was UV-crosslinked for 10 min, and then baked at 80ºC for 2 h.  



71 

 

Blots were probed with 32P-labeled DNA in hybridization buffer for at least for 2 h 

(42oC; 1X DH salt, 50% formamide, 1 M NaCl, 1X SSTE, 10 % dextran sulfate, 1 

mg/mL salmon testes DNA).  Blots were washed with 0.2X SSC and 0.1% SDS at 45oC 

for 30 min and exposed against X-ray film with an intensifying screen at -80°C.  The 

probe for AtvacINV1 utilized for the Southern blot analysis shown in Figure 5-4 was a 

257-bp region near the 5’ end of the coding region, and was released from a pATB3-1 

DNA plasmid using EcoRV and SalI.  The AtvacINV2 probe (293bp), covering part of 

exon 4 and 5, was released from a pAtbfruct4 DNA plasmid by digestion with BamHI 

and XhoI.  The NPTII probe (352bp) was released from pCR2.1 with SphI and PstI.  

RNA Gel Blots 

RNA was isolated from Arabidopsis using the RNeasy Plant Mini Kits (Qiagen, 

Valencia, CA) according to the manufacturer’s protocol.  From Northern blot analysis, 6 

µg of total RNA was denatured by glyoxal (25% DMSO, 1.32M glyoxal, 1X MOPS and 

0.1 mg/ml ethidium bromide) at 55°C for 1 h, chilled on ice for 2 min, then loaded onto 

1% agarose in 1X MOPS buffer (40mM MOPS, pH 7.0, 10mM sodium acetate, 1mM 

EDTA) for electrophoresis at 70 volts for 2 h.  Gels were soaked with 10X SSC, followed 

by capillary transfer of RNA to Hybond-N nylon membranes using 10X SSC buffer as 

the transfer solution.  Probes for AtvacINV1 and AtvacINV2 were as described above.  

RNA blots were probed as described above for Southern blots.   

One step RT-PCR 

A one-step RT-PCR strategy was undertaken to determine levels of AtvacINV1 and 

AtvacINV2 transcripts in vacuolar invertase mutants.  For AtvacINV1, ATB3-3endLP (5'-

TGGGACGTACGATGATTCAA-3') and ATB3-3endRP (5'-
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CCTTGAGGTGTCAGTGCAGA-3') were used to amplify a 622 bp cDNA-fragment, 

including part of exon 4 and exon 6.  For AtvacINV2, ATB4-3endLP (5'-

GTTGGGATGACTGCCAGTTT-3') and ATB4-3endRP (5'-

ACGGACAGCTTCGTCAGAGT-3') were used to amplify an 858 bp cDNA-fragment, 

including part of exon 4 to exon 7.  RT-PCR reactions were performed with a 

SuperScript™ One-Step RT-PCR System using Platinum® Taq DNA Polymerase 

(Invitrogen, Carlsbad, CA) using 0.2 µg of total RNA from 2-wk-old Arabidopsis plants.  

The amplified cDNA fragments were visualized in 1% agarose gels, stained with EtBr.  

Soluble Acid Invertase (Vacuolar) Assay 

Assays of soluble (vacuolar) acid invertase were conducted as described by 

Stessman (1989) with some modifications.  Leaf samples, about 50 mg,  were 

homogenized in 400 µl of extraction buffer (50 mM Mops-NaOH (pH 7.5), 5 mM MgCl2, 

1 mM EDTA, 0.05% (w/v) Triton X-100, 2.5 mM DTT, 0.1 mM PMSF, 1% 

Polyvinylpolypyrrolidone) and centrifuged at 14,000 rpm for 10 min at 4oC.  A 400-µl 

aliquot of the supernatant was dialyzed overnight at 4ºC using a Spectra/Por membrane 

with a molecular weight cut off of 50 KD (Spectrum, Rancho Dominguez, CA) and a 

PBS dialysis buffer (pH 7.4) at 4 oC overnight.  The purpose of this was to remove 

invertase inhibitor proteins which are typically small (ranging from 15 to 23 kDa) 

(Rausch and Greiner, 2004).  Two of these have shown specific inhibition of vacuolar 

invertase activity in Arabidopsis (Link et al., 2004).  Invertase inhibitor proteins typically 

have a dissociation half-time of about 3 h (Bracho and Whitaker, 1990).   

To analyze invertase activity, 60 µl of dialyzed protein was added to 140 µl 

substrate solution (50 mM sodium citrate-phosphate, pH 5.0, and 50 mM sucrose) at 37oC 
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for 15 min.  The reaction was stopped by boiling for 5 min.  The resulting hexose 

concentrations were determined by glucose oxidase and peroxidase (glucose assay kit, 

Sigma, St. Louis, MO).  Τhe dialyzed protein was used for protein determination using 

the Bradford method (Bradford, 1976). 

Quantification of Invertase Transcripts by Real-Time PCR 

Total RNA was extracted from three samples and real-time quantitative RT-PCR 

using Taq-Man one-step RT-PCR master mix reagents was performed as described in 

Chapter 3.  

Quantification of Sucrose Synthase Genes by Real-Time Quantitative SYBR Green-
PCR 

For reverse transcription (RT)-PCR studies for sucrose synthase genes, DNA-free 

RNA was converted into first-strand cDNA using Taqman® Transcription Reagent 

(Applied biosystems, Branchburg, NJ) with oligo dT primers.  In all cases, three 

biological samples were analyzed using independent RT reactions.  Reactions were 

conducted using an Applied Biosystems GeneAmp 5700 sequence-detection system with 

SYBR Green I PCR master mix (Applied Biosystems, Foster city, CA) according to the 

manufacturer’s protocol.  Each reaction was conducted with 5 µl of 1:10 of the first 

cDNA strands in a total volume of 25 µl.  Reactions were incubated at 95 °C for 10 min, 

followed by 45 cycles of 10 s at 95 °C, 6 s at 55 °C, and 20 s at 72 °C.  The specificity of 

PCR amplification was tested by a heat dissociation curve (from 65 °C to 95 °C) 

following the final cycle of the PCR.  Results were expressed relative to those of the 

selected standard EF1A-4α gene (Liboz et al., 1990).  Specific primer sets of each 

sucrose synthase gene and the EF1A-4α gene were designed as described in Baud et al. 

(2004). 
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Results 

The 5’ Regulatory Sequences of Both Vacuolar Invertase are Broadly Active 

To obtain more detailed information on temporal and spatial patterns of vacuolar 

invertase gene expression, a β-glucuronidase (GUS) reporter gene was placed under the 

control of either the AtvacINV1 5’ regulatory sequences (1830bp upstream of AtvacINV1 

coding sequence) or those of the AtvacINV2 (1360bp upstream of AtvacINV2 coding 

sequence).  These constructs were introduced into Arabidopsis Col-0 by Dan J. Stessman 

and Steven Rodermel (Iowa  State University).  Resulting transgenic plants were 

analyzed in this study.  In general, patterns of GUS activity were similar for in situ 

histochemical assays of plants expressing either the AtvacINV1::GUS (Figure 5-1A, D, E) 

or AtvacINV2::GUS (Figure5-2 A, D, E).  Strong GUS activities were revealed in young, 

2-wk-old plants and later, in developing green siliques and flowers.  In petals, GUS was 

expressed primarily along veins.  For rosette leaves, GUS staining appeared mainly at 

hydathodes and slightly along margins (Figure 5-1B and 5-2B).  For cauline leaves, GUS 

activity was evident primarily along margins and sporadically within the blade (Figure 5-

1C and 5-2C).  In mature brown siliques, strong GUS staining was apparent in abscission 

zones and funicles of both transgenic GUS lines (Figure 5-1F; 5-2F).  GUS activity was 

also detected in the replum of AtvacINV1::GUS plants (Figure 5-1F).  The GUS data 

presented here indicate that 5’ regulatory sequences of both vacuolar invertase were 

broadly active, especially in the strong sink organs. 

Isolation and Characterization of Vacuolar Invertase T-DNA Insertion Mutants 

Another goal of this study was to utilize knock-out mutants of AtvacINV1and 

AtvacINV2 to help define individual roles for each vacuolar invertase and determine 

effects of altered vacuolar acid invertase activity.  Mutants of both AtvacINV1 and 
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AtvacINV2 were identified from the Salk T-DNA Arabidopsis insertion collection using 

the SIGnAL “T-DNA Express” Arabidopsis Gene Mapping Tool 

(http://signal.salk.edu/cgi-bin/tdnaexpress) (Alonso et al., 2003).  The selected mutants 

were then obtained from the Arabidopsis Biological Resource Center (ABRC).  Multiple 

T-DNA lines for these two vacuolar invertase genes were available.  At present, there are 

11 T-DNA insertion lines for AtvacINV1; Salk_038826 contains a T-DNA in the first 

intron; Salk_006934, Salk_076378, Salk_072478 and Salk_148077 all contain a T-DNA 

in the second intron; Salk_103271, Salk_103272, Salk_103793 and Salk_078358 contain 

a T-DNA in the third intron; Salk_015898 contains a T-DNA in the fifth exon and 

Salk_147176 contains a T-DNA in the sixth exon.  For AtvacINV2, there are 4 T-DNA 

insertion lines; three contain a T-DNA inserted in the first exon (Salk_011312, 

Salk_139119 and Salk_100813) and one contains T-DNA in the seventh exon 

(Salk_016136).   

Two allelic mutants for each vacuolar invertase gene were obtained and analyzed in 

the present study (Figure 5-3).  For AtvacINV1, Salk006934 (abbreviated vac1-1) 

contains a T-DNA in the second intron and Salk_015898 (abbreviated vac1-2) contains a 

T-DNA in the fifth exon; for AtvacINV2, Salk_100813 (abbreviated vac2-1) contains a T-

DNA insert in the first exon and Salk_016136 (abbreviated vac2-2) contains a T-DNA 

insert in the seventh exon.  Two of the single-mutant lines (vac1-1 and vac2-1), plus a 

double mutant (generated by crossing vac1-1 x vac2-1) were obtained as gifts from D. 

Stessman and S. Rodelmel.  Another two mutants containing T-DNA inserts in exon 

regions close to the 3’ end of the coding sequences were isolated in this study, for 

AtvacINV1, Salk_015898 (vac1-2) and for AtvacINV2, Salk_016136 (vac2-2). 
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Mutant status was verified at the molecular level by genomic PCR using a pair of 

gene-specific primers spanning the insertion sites, and a T-DNA-specific primer was used 

to identify wild-type, heterozygous, and homozygous progeny segregating from the T-

DNA insertion sites (data not shown).  Southern-blot analyses were further conducted to 

identify homozygous mutant lines and the number of T-DNA inserts.  Genomic DNA 

from mutant and wild-type plants were digested with three restriction enzymes, XhoI 

(cutting outside the AtvacINV1 gene, without affecting the T-DNA insert), PstI (cutting 

once in the AtvacINV1 gene and once inside the T-DNA), and EcoRI (cutting twice in the 

AtvacINV1 gene and once inside the T-DNA).  Figure 5-4 shows a shift in the size of the 

fragments from the AtvacINV1 homozygous line (-/-), indicating an insert in the 

endogenous gene.  Fragments evident in DNA from wild-type (+/+) or a homozygous 

line (-/-) were also apparent in a heterozygous line (+/-). 

A binary vector, pROK2, containing the kanamycin resistance gene, NPT II, was 

used to produce the Salk T-DNA insertion lines by Agrobacterium transformation.  

Typically there were 1-2 random insertions of the T-DNA into each transgenic plant.  

Probing both invertase mutant lines with NPT II revealed that Salk_015898 contained at 

least three T-DNA insertions, indicating multiple insertions were located in this line 

(Figure 5-4).  Genomic DNA isolated from three randomly-selected progeny of 

Salk_015898 (-/-) mutants were digested with XhoI (cutting outside the AtvacINV1 gene 

without affecting the T-DNA insert).  Subsequent Southern-blot analysis showed a single 

band hybridizing with the NPTII probe, implying that the multiple T-DNA inserts were 

located in the same or nearby sites.  Because the XhoI fragment includes not only the 

AtvacINV1 (At1g62660), but also an At1g62650 (encoding a protein similar to steroid 
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sulfotransferase), this region was first amplified by PCR, then sequenced to confirmed 

that T-DNA inserts did not interrupt the latter gene (data not shown).  The multiple T-

DNA inserts in the Salk_015898 line were thus concluded to reside in the same XhoI 

cutting region containing the AtvacINV1 coding region 

For molecular confirmation of the AtvacINV2 mutant, DNA from mutant- and wild-

type plants were digested with three restriction enzymes, PstI (cutting outside the 

AtvacINV2 gene and once within the T-DNA insert), EcoRV (cutting outside the 

AtvacINV2 gene and three times within the T-DNA), and BamHI (cutting once within the 

AtvacINV2 gene and once within the T-DNA).  Figure 5-5 compares DNA from mutant 

and wild-type plants segregating among F-2 progeny as well as non-transformant wild-

type.  The size of AtvacINV2 gene fragments differ in homozygous plants (-/-), indicating 

a DNA insert in the endogenous gene.  Probing DNA from mutants and wild- type 

control plants with NPT II revealed that Salk_016136 contained about two copies of T-

DNA inserts, but none were detected in the wild-type segregating plant as well as non-

transformant wild-type control (Figure 5-5).  Again, multipe T-DNA copies were located 

within the AtvacINV2 coding region. 

RNA gel blots using dissimilar coding region sequences of the two vacuolar 

invertases were conducted to appraise the extent of transcript reduction achieved in the 

mutant alleles.  The two mutants examined in this way had T-DNA insertions at the 3’ 

ends of their coding sequences, so cDNA fragments just upstream of these insertion sites 

were used as probes to determine whether detectable levels of truncated invertase 

transcripts remained.  Signal produced by cross-hybridization with other invertase 

transcripts was possible in these Northern-blot analyses, so supplemental RT-PCR was 
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utilized to achieve better specificity (Figure5-6B).  Despite a high background (possibly 

contributed from AtvacINV2), it was possible to determine that levels of AtvacINV1 

mRNAs were lower in the atvavinv1 mutants, (vac1-1 and vac1-2) and in progeny of 

crosses (vac1-1 x vac2-1 and vac1-2 x vac2-2) (Figure5-6A) than in Col-0.  A lack of 

detectable AtvacINV1 mRNA was more clearly evident in atvavinv1 mutants and double 

mutants (Figure 5-6B).  

No AtvacINV2 mRNA was detectable in Northern blot analysis of the atvacinv2 

mutants (vac2-1 and vac2-2) or in double mutants (vac1-1 x vac2-1 and vac1-2 x vac2-2 

(Figure5-6A).  However, in RT-PCR analysis, a faint presence of AtvacINV2 mRNA was 

shown for the vac2-2 mutant and in homozygous progeny of crosses between vac1-2 x 

vac2-2.  The primer set flanked the putative T-DNA insertion site, with the forward 

primer upstream of the insert and the reverse primer down stream.  The insertion site was 

originally believed to be located in the fifth exon, but an updated database showed it to be 

in the seventh exon.  Using a specific forward primer for the AtvacINV2 gene and Lbal 

primer (annealing to left boarder of T-DNA), 0.9 Kb of DNA was amplified from vac2-2 

genomic DNA.  Further DNA sequence data indicated that the insertion site was in the 

final exon.  Primers applied in Figure 5-7B had thus amplified a fragment from the 

coding region upstream of the T-DNA insert. 

Based on amino acid sequence homology, AtvacINV1 and AtvacINV2 are the only 

two vacuolar invertase genes in the Arabidopsis genome.  One of the goals of this study 

was to test whether these two predicted vacuolar invertases functioned as such, and to 

determine whether any of the other acid invertases in Arabidopsis contributed to this 

activity.  The genetic approach utilized here allowed this to be ascertained.  The loss of 
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AtvacINV1 function in two allelic mutants (vac1-1 and vac1-2) decreased soluble acid 

invertase activity in both of them to 34.3% and 38.4%, respectively.  A knock-out 

mutation of the AtvacINV2 gene (vac2-1) reduced soluble acid invertase activity to only 

24.34% of that in wild-type Col-0 plants (Figure 5-8).  Soluble invertase activity in the 

knock-down vac2-2 mutant decreased to 63.7% of wild-type levels, showing that the 

truncated AtvacINV2 gene was able to maintain some level of enzyme activity.  The 

double knock-out mutant (vac1-1 x vac2-1) had no detectable soluble invertase activity, 

consistent with the functional loss of both transcripts.  It also indicates that only the two 

predicted soluble acid invertses in Arabidopsis contribute to this activity.  

Phenotypic Characterization of Vacuolar Invertase Mutants 

Initial characterization of the vacuolar invertase double mutant (vac1-1 x vac2-1) 

was conducted by D. Stessman (2004).  His analyses showed a two-fold elevation in leaf 

sucrose level relative to those of wild-type plants during diurnal cycles (Stessman, 2004).  

Root length of the double mutant also appeared visibly shorter than that of wild-type on 

MS agar medium with or without sucrose (Stessman, 2004).  Preliminary analysis of root 

growth rates indicated that these were similar for the double mutant and wild-type, 

leading to the suggestion that shorter roots may have resulted from delayed germination.  

However, there appeared to be few other distinguishing features of the double-mutant 

phenotype.  During leaf development (from17- to 31-d-old plants), there was no 

detectable difference in leaf width, chlorophyll level, or gene expression of RbcS (the 

nuclear-encoded photosynthetic gene for the small subunit of Rubisco), SUC2 (encoding 

a sucrose transporter), AtcwINV1 (a cell-wall invertase gene) or SAG12 (a senescence 

induced gene) between double mutant and wild-type plants (Stessman, 2004). Also, 

silique size and number of seeds per silique were found to be similar (Stessman, 2004). 



80 

 

In the present work, additional phenotypic analyses were undertaken.  Because 

GUS staining patterns showed strong vacuolar invertase activity in leaves of young 

Arabidopsis plants (Figures 5-1 and 5-2), fresh weight of 2-wk-old mutants was 

compared to that of wild-type plants.  No difference was apparent (data not shown).  

Percentages of 11-d-old plants with at least two true leaves were also determined.  These 

were found to differ slightly with 72.91%±3.08 for wild-type; 76.23%±3.15 for vac1-1, 

86.99±4.73 for vac2-1, and 67.49±1.78 for the double knock-out vac1-1 x vac2-1.  

Because both vacuolar invertase genes were responsive to glucose (Figure 4-3), 

hypocotyl length was measured for 6-d-old seedlings grown on 1/2 MS medium with 0, 

1, 4 or 6% glucose in the dark.  Results showed that 4 and 6% glucose inhibited 

hypocotyl growth in all lines tested, but no obvious difference was evident between 

vacuolar invertase mutants and wild-type plants (data not shown). 

Additional investigations with Kevin Folta (University of Florida) showed that 

vacuolar invertase transcripts were induced by far-red and green light, with mRNA levels 

rising 2- to 4-fold above darkened controls (data not shown).  However, regardless of 

light environment (darkness or far-red for1 µmole m-2S-1), hypocotyl length of 4-d-old 

seedlings showed no detectable difference between the double mutant and wild-type.  

Likewise, rapid responses in growth-rate of hypocotyls did not differ between double 

mutant and wild-type plants when 2-d-old seedlings were tested in response to 5 seconds 

of green light stimuli (photos were taken hourly under a safe light for 24 h) (data not 

shown).  

Focus was thus shifted to root-based aspects of the mutant phenotype.  An 

additional reason for this was the emerging data from analysis of a wak2 mutant (Wak2 
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encodes a wall associated kinase).  The wak2 seedlings showed a conditional phenotype, 

in which severe growth retardation in roots was evident if they were grown on 1/6 MS 

medium lacking sucrose, but not on MS medium with 2% sucrose (Huang, contribution 

to Korhorn et al., 2006).  Expression and activity of vacuolar invertases were also 

reduced under these conditions.   

A thorough analysis was thus directed toward root length of 5-d-old Arabidopsis 

seedlings grown on 1/6 MS medium.  The double vacuolar invertase mutant had 

consistently shorter roots while single vacuolar invertase mutants both had longer roots 

than did wild-type seedlings (Figure 5-9A).  The same experiment was repeated multiple 

times, and each further confirmed that in low-nutrient medium, single invertase mutants 

had longer roots than did wild-type plants.  In the second experiment, root growth of all 

lines, except the double mutant was slower than in experiment I, implying that the double 

mutant was not as responsive as single mutants or wild-type seedlings to whatever 

aspects of the experiment had changed (Figure 5-9B).  Recently, Sergeeva et al. (2006) 

also examined the vin2-1 line used in the present study, and found the root-length of 7-d-

old seedlings on moist filter paper to be associated with a quantitative trait locus (QTL) 

for root elongation in Arabidopsis.  This part of the experiment were repeated in this 

study with more vacuolar invertase mutants, including single mutants, vac1-1, vac2-1, 

and double mutants, vac1-1 x vac2-1.  Seeds were sown on a wet single layer of filter 

paper and root length was measured on day 3.  The same reduced root length (~15% 

shorter than wild-type) was found in both single vacuolar invertase mutants, and a severe 

root length reduction to 64% of wild-type was found in the double mutant (Figure 5-10).  
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All current visible pheonotypic analyses of vacuolar invertase mutant were listed in Table 

5-1  

Previous reports have all indicated that vacuolar invertases were abundant and 

highly active in leaves (Tang et al., 1996; Tymowska-Lalanne and Kreis, 1998a; 

Stessman, 2004; Sergeeva et al., 2006), so it seems surprising that there has not been a 

visible phenotype yet discernable in photosynthetic organs.  The likehood of a molecular 

phenotype was therefore investigated further.  Expression patterns were examined for the 

major cell wall invertases and for the sucrose synthases in wild-type plants, then 

compared to each of the vacuolar invertase mutants.  Results demonstrated that vin2-1 

mutants lacking a functional AtvacINV2 gene also had reduced levels of AtvacINV1 

transcripts.  Because AtvacINV1 mRNA levels rise when glucose is abundant, expression 

of this gene would be expected to drop in instances where capacity for endogenous 

glucose production was impaired.  Deficiency of one functional vacuolar invertase, 

AtvacINV2, could do this, and would result in less hexose production.  However, lack of a 

functional AtvacINV1 gene in the vin1-1 mutant did not affect expression of the 

AtvacINV2 gene (Figure5-11A).  In the vac1-1 mutants, levels of AtcwINV1, AtcwINV3 

and AtcwINV6 mRNA were markedly reduced (Figure 5-11B).  When wild-type and 

vacuolar invertase mutants were subjected to 48h of darkness, transcripts of all four 

major cell wall invertases in Arabidopsis rosettes accumulated to a greater degree in 

vac2-1 mutants than in wild-type plants (Figure 5-11B), indicating compensation 

occurred among cell-wall invertases.  Under the same dark conditions the double mutant 

did not show a further induction or compensation; moreover, mRNA levels of most cell 

wall invertases remained similar to those of wild-type (as observed earlier by Stessman, 
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[2004]).  These data indicate a more complicated role for vacuolar invertase action than is 

evident for their enzymatic function alone. 

In vac1-1 mutants, mRNA levels for AtcwINV1, AtcwINV3 and AtcwINV6 were less 

than in wild-type plants.  However, differences were no longer evident when 12-h 

photoperiods were followed with an additional 48 h of darkness (Figure 5-11B).  These 

treatments reduced expression of all three genes in the vac1-1, single mutant, the double 

mutant, and in wild-type plants.  These conditions would also have dropped endogenous 

glucose levels below 23% of those present under growing conditions (refer back to 

Figure 4-2).    

A time course of glucose responses was thus followed for expression of cell wall 

invertase genes in young Arabidopsis plants (Figure 5-12).  Due to the limited expression 

of AtcwINV2, AtcwINV4 and AtcwINV5 in young plants, focus was directed toward the 

remaining three cell wall invertases (AtcwINV1, AtcwINV3 and AtcwINV6) and the two 

vacuolar invertases (AtvacINV1 and AtvacINV2).  All three cell wall invertase transcripts 

analyzed here were induced by glucose in 12h or less.  Transcript abundance of 

AtcwINV3 and AtcwINV6 rose within 3 h of glucose addition, whereas AtcwINV1 mRNA 

levels were not significantly elevated until 12 h of treatment.  Regulation of the two 

vacuolar invertase mRNA levels in response to glucose was reciprocal; AtvacINV1 was 

induced (after12 h) while AtvacINV2 was repressed (in less than 3 h). 

Since mRNA levels for the three major cell-wall invertase genes in leaves all rise in 

response to glucose, it is possible that these genes were responding to decreased glucose 

levels in the vac1-1 mutant (Figure 5-11B).  However, the mechanisms regulating cell 
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wall invertase gene expression in the vac2-1 mutant were less clear, particularly under 

conditions of extended darkness.   

Besides invertase, sucrose synthase catalyzes the only other known path for 

cleaving sucrose in plants; responses of mRNA levels for these genes were examined in 

the vacuolar invertase gene mutants.  There are six sucrose synthase genes in Arabidopsis 

(Baud et al., 2004).  Data presented here show that in wild-type plants, two of these 

sucrose synthases, AtSUS1 and AtSUS3, were induced under darkness, whereas three of 

them, AtSUS1, AtSUS4 and AtSUS3 were repressed (Figure5-13).  Compared to 

expression of an EF endogenous control, AtSUS3 transcript levels were much higher in 

young Arabidopsis plants after extended darkness, and especially in the vac2-1 mutant.  

This mutant lacked a functional gene for AtvacINV2, which would otherwise have been 

induced under the darkened, glucose-depleted conditions.  Also, the AtSUS5 gene was 

more active in both vacuolar invertase mutants, implying gene compensation from within 

another gene family.  The two families are related in the extent to which their encoded 

enzymes catalyze alternate paths for sucrose use.  The mRNA levels of AtSUS2 and 

AtSUS6 were not affected by malfunction of vacuolar invertases.  The molecular 

phenotype of altered mRNA expression patterns for cell wall invertase and sucrose 

synthase genes indicated that the roles of vacuolar invertase were not limited to those can 

be readily ascribed to their enzyme functions alone. 

Discussion 

Initial work on vacuolar invertase mutants in Arabidopsis indicated minimal effect 

of even double knock-outs lacking functional genes for both AtvacINV1 and AtvacINV2 

(S. Rodermel and S. Stessman, personal communication).  Double-null mutants for both 

genes were examined under constant light or under different intensities of light.  Mutant 
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plants were also subjected to increased CO2 concentrations.  Carbohydrate analysis 

revealed a 2-fold accumulation of sucrose in leaves of the double mutant plants, but there 

was no difference in hexose or starch content.  Chlorophyll levels were similar to those of 

wild-type plants regardless of whether grown in normal or high light, with or without 

high CO2.  Expression of RbcS mRNA was also found to be nearly identical to wild-type 

in all growth conditions tested.  It was therefore concluded that vacuolar invertases have 

a limited influence on partitioning of sucrose and little to no detectable effect on gene 

expression during acclimation in leaves (Stessman, 2004). 

Changes in sucrose content achieved by introducing enzymes of sucrose 

metabolism do not always affect plant morphology.  Heterologous overexpression of a 

spinach sucrose transporter in potato, for example, reduced sucrose levels in leaves and 

increased sugars in tubers, but a shift in carbon partitioning did not have an impact on 

tuber morphology (Leggewie et al., 2003).  Recently, a yeast invertase targeted to 

vacuoles of developing potato tuber decreased sucrose content, and significantly 

increased glucose and hexose-phosphate levels, all with only minor effects on starch or 

amino acid levels (Junker et al, 2006).  Still, the same invertase targeted to the cytosol or 

cell wall in tubers was shown to markedly alter both tuber metabolism and growth 

(Sonnewald et al., 1997; Hajirezaei et al., 2000).  When an invertase antisense strategy 

was applied to tomato, transgenic plants showed increased sucrose and decreased hexose 

levels.  Still, growth of these constitutive, antisense invertase plants did not differ from 

that of wild-type plants until the reproductive phase, at which time they produced fruit 

that were approximately 30% smaller (Klann et al., 1996).  On the other hand, 

Arabidopsis showed more resistance to increased level of vacuolar invertase activity and 
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was minimally affected by overexpression of invertase (von Schaewen, 1990) whereas 

transgenic tabacco, tomato and potato overproducing invertases had yellow, bleached 

leaves, some with necrotic spots (von Schaewen, 1990; Dickinson et al., 1991; Heineke, 

1992).  

In this study of vacuolar invertase mutants, visible phenotypes were not readily 

evident in above-ground vegetative organs, but compensation from other sucrose 

cleavage enzymes occurred at the transcriptional level.  Changes in transcript abundance 

in the vac1-1 mutant differed from those in the vac2-1 mutant, and double mutants 

showed mRNA profiles that differed from each of the single mutants (Figure 5-11 and -

13).  Theses changes in gene expression were not as simple as gene compensation or 

feedback regulation.  In another system, potato, over-expression of apoplastic invertase 

resulted in curled, small leaflets, as well as elevated levels of glucose and fructose, but 

levels of hexose-phosphate and the ratio of UDP-Glc/ UTP were not markedly differet.  

This indicated that the response to decreased sugar export from leaves was not a simple 

feedback control of the Calvin cycle or of sucrose synthesis enzymes (Heineke, etal., 

1992).  

Previous immunolocalization of AtvacINV2 (Rojo et al., 2003) showed this 

vacuolar invertase to be present in vacuoles and precursor protease vesicles (PPV).  The 

PPV are plant-specific ER bodies that contain precursors of proteases and other 

hydrolytic enzymes.  It is intriguing that AtvacINV2 exists in PPV with an inactive 

precursor to a protease that can target the invertase for degradation.  Rojo et al. (2003) 

have directly linked the degradation of AtvacINV2 with action of the vacuolar processing 

enzyme-(VPE γ), a cysteine protease, in the senescent organs.  Although VPE γ was 
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senescence-induced, basal levels of the protein were also detectable in young organs, 

implying a possible influence of VPE γ at pre-senescent developmental stages.  The role 

of AtvacINV2, the only sugar-repressed form of acid invertase examined thus far, 

warrants further study.  

Levels of AtvacINV1 mRNA were increased by sucrose in a dosage-dependent way 

(Figure 4-1C), and this gene was also up-regulated by glucose. Lack of a functional 

AtvacINV2 gene, in the vin2-1 mutant, would have been expected to decrease glucose 

levels and this, in turn, would likely lower expression of AtvacINV1 (as shown in Figure 

5-11A).  On the other hand, sugar repression of AtvacINV2 was dosage-independent 

(Figure 4-1D) and the lack of an AtvacINV1 gene did not affect expression of the 

AtvacINV2 (Figure 5-11A). 

Most of the cell wall invertases tested here were repressed in the vin1-1 mutant 

(lacking a functional AtvacINV1 gene) and induced in the vin2-1 mutant (lacking a 

functional AtvacINV2 gene).  However, absence of functional genes for both vacuolar 

invertase genes did not affect RNA levels of most of cell wall invertases and overall 

responses were similar to those observed in wild-type plants (Figure 5-11B). These 

results were further supported by data from Dan Stessman (2004) showing that the level 

of AtcwINV1 mRNA did not differ between leaves of the vacuolar invertase double 

mutant and those of wild-type plants (Stessman, 2004).  Together, these results imply that 

the function of vacuolar invertases extends not only to diverse effects of their sucrose-

cleaving capacity, but also includes aspects of their balance not readily explained by their 

reactions alone. 
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Table 5-1 Visible phenotype tests of vacuolar invertase mutants.  NA represents data not applicable.  “” stands for there is no 
difference compared to wild-type. 
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Figure 5-1 Histochemical localization of GUS activity in Arabidopsis plants transformed 
with an AtvacINV1 promoter::GUS fusion gene.  (A) Two-week-old seedling 
showing overall staining in aerial and basal parts of primary roots.  (B) 
Rosette leaf showing staining along its margin and hydathodes; (C) cauline 
leaf; (D) flower buds; (E) developing siliques; (F) mature siliques  



90 

 

 

Figure 5-2 Histochemical localization of GUS activity in Arabidopsis plants transformed 
with an AtvacINV2 promoter::GUS fusion gene.  (A) Two-week-old seedling 
showing staining in whole plants.  (B) Rosette leaf showing staining mainly at 
hydathodes; (C) cauline leaf; (D) flower buds; (E) developing siliques; (F) 
mature siliques.  



 

 

91

 

Figure 5-3 Maps of T-DNA insertion mutants and genomic DNA restriction enzyme sites of the Arabidopsis vacuolar acid invertase 
genes, AtvacINV1 and AtvacINV2.  Total 10 kb genomic DNA sequences were selected and commonly used restriction 
enzymes are shown on it.  Locations of Salk T-DNA insert lines are displayed by arrow heads for both genes.  Locations of 
Salk T-DNA insert lines used for experiments are displayed for both genes: For AtvacINV1, Salk_006934 (vac1-1 as short 
name) contains a T-DNA in the second intron and Salk_015898 (vac1-2 as short name) contains a T-DNA in the fifth exon.  
For AtvacINV2, Salk_100813 (vac2-1 as short name) contains a T-DNA insert in the first exon and Salk_016136 (vac2-2 as 
short name) contains a T-DNA insert in the seventh exon. 
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Figure 5-4 Southern blot analysis of Salk_015898 (vac1-2), an atvacinv1 mutant.  The 
schematic structure and location of restriction sites surrounding the 
AtvacINV1 gene are shown.  The AtvacINV2 gene is indicated by stippled 
aera.  Locations of T-DNA inserts are displayed by arrow heads.  Each lane 
represents 3 ug of genomic DNA from heterozygote(+/-), homozygote (-/-) 
mutants segregated from Salk_015898 line or wild-type Col-0 (+/+).  
Genomic DNA was digested with XhoI (X), PstI (P) and EcoRI (E).  The first 
panel was probed with 0.9Kb of AtvacINV1-genomic DNA.  The second panel 
was probed with 0.3Kb of a gene for Kanamysin resistance, NPTII, showing 
multiple T-DNA inserts are evident in both heterozygous and homozygous 
lines.  The third panel was loaded with genomic DNAs from three, randomly-
selected progeny of Salk_015898 (-/-) mutants digested with XhoI outside the 
AtvacINV1 gene.  Application of a 0.3Kb NPTII probe indicated the multiple 
copies of T-DNA were inserted into the same locus. 
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Figure 5-5 Southern blot analysis of Salk_016136 (vac2-2), an atvacinv2 mutant.  The 
schematic structure and location of restriction sites surrounding the 
AtvacINV2 gene are shown.  The AtvacINV2 gene is indicated by stippled 
aera.  Locations of T-DNA inserts are displayed by arrow heads.  Each lane 
represents 3 ug of genomic DNA from wild-type (+/+), homozygote (-/-), 
segregating in F2 progeny from Salk_016136 line or wild-type control from 
Col-0 (+/+).  DNA was digested with PstI (P), EcoRV (Rv), BamHI (B).  The 
first panel was probed with 0.93Kb of AtvacINV2-genomic DNA probe was 
applied.  The second panel was probe with 0.3Kb of the NPTII gene for 
Kanamysin resistance to identify T-DNA inserts.  Multiple T-DNA inserts in 
the homozygous lines but have been inserted into the same locus, since 
segregated wild-type did not contain any NTPII gene.   
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Figure 5-6.RNA gel blot and RT-PCR analysis of AtvacINV1 expression in different 
vacuolar acid invertase mutants.  Arabidopsis plants were grown on half-
strength MS agar medium under a 12 h photoperiod for 2 wks, then 
transferred to darkness and half-strength MS liquid medium for 2 d.  (A) 
Northern-blot analysis of the mutants probed with a 257-bp, gene-specific 
fragment of AtvacINV1. Each lane was loaded with 6 µg of total RNA, and 
ethidium-bromide stained rRNA as a loading control.  (B) RT-PCR analysis of 
AtvacINV1 in the mutants. 200ng total RNA was used as a template for each 
RT-PCR analysis.  The vac1-1 and vac1-2 mutants, containing T-DNA inserts 
in AtvacINV1, were obtained as the Salk_006934 and Salk_015898 lines, 
respectively.  The vac2-1 and vac2-2 mutants, containing T-DNA inserts in 
AtvacINV2, were obtained as the Salk_100813 and Salk_16136, respectively.  
The double mutant was recovered from progeny of vac1-1 x vac2-1.  The 
vac1-2 and vac2-2 mutants were each selfed to produce the individual 
progeny analyzed in (A).  All mutant lines were homozygous.  The V1::GUS 
transgenic contains a GUS reporter driven by the AtvacINV1 promoter. 
Tubulin (At5g62690) provides a loading control.  The PCR cycle was repeated 
25 times. 
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Figure 5-7.RNA gel blot and RT-PCR analysis of AtvacINV2 expression in different 
vacuolar acid invertase mutants.  Arabidopsis plants were grown on half-
strength MS agar medium under a 12 h photoperiod for two wks, then 
transferred to darkness and half-strength MS liquid medium for 2 d.  (A) 
Northern-blot analysis of the mutants probed with a 293-bp, gene-specific 
fragment of AtvacINV2.  Each lane was loaded with 6 µg of total RNA, and 
ethidium-bromide stained rRNA as a loading control.  Probe (293bp), covering 
part of exon 4 and 5, was isolated from AtvacINV2 cDNA fragment.  (B) RT-
PCR analysis of AtvacINV2 in the mutants.  200ng total RNA was used as a 
template for each RT-PCR analysis.  The vac1-1 and vac1-2 mutants, 
containing T-DNA inserts in AtvacINV1, were obtained as the Salk_006934 
and Salk_015898 lines, respectively.  The vac2-1 and vac2-2 mutants, 
containing T-DNA inserts in AtvacINV2, were obtained as the Salk_100813 
and Salk_16136, respectively.  The double mutant was recovered from 
progeny of vac1-1 x vac2-1.  The vac1-2 and vac2-2 mutants were each selfed 
to produce the individual progeny analyzed in (A).  All mutant lines were 
homozygous.  The V1::GUS transgenic contains a GUS reporter driven by the 
AtvacINV1 promoter.  Tubulin (At5g62690) provides a loading control.  The 
PCR cycle was repeated 25 times. 
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Figure 5-8 Soluble acid invertase activity of mutant lines.  Activity was measured from 
aerial parts of 2-wk-old plants, grown on half-strength MS sugar-free agar 
medium under a 12 h photoperiod.  Ten plants were used for each of two 
separate samples.  Bars represent the standard errors.  Percentages were 
indicated for each line compared to wild type (as 100%).  ND indicates non-
detectable soluble acid invertase activity.  
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Figure 5-9 Root-length phenotypes for Arabidopsis vacuolar-invertase mutants on one-
sixth-strength MS sugar-free medium.  Plants were cultured for 5 d under a 
12-h photoperiod at 25°C.  (A) Root length of 5-d-old seedlings.  Roots that 
were less than 7.5 mm on day 5 were omitted, since growth of roots on these 
plantlets was retarded at least for another 6 d.  Error bars indicate standard 
errors for at least 38 measurements of each line.  P values <0.01 are 
designated with **.  The vac1-1 mutant (homozygous for atvacinv1) was 
obtained as salk_006934; vac2-1 mutant (homozygous for atvacinv2) was 
obtained as salk_100813-5, and the double mutant, vac1-1 x vac2-1) was 
obtained by crossing the salk_006934 and salk_100813 lines.  (B) Root length 
of 5-d-old seedlings in Experiment II.  Error bars indicate standard errors for 
measurements of 14 vac1-1 and ~ 30 plants from each of the other.  Another 
acvacinv1, vac1-2, was included in Experiment II.  
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Figure 5-10 Root-length phenotypes for 3-d-old Arabidopsis vacuolar-invertase mutants 
on moist filter paper. Plants were cultured for 3 days under a 12-h photoperiod 
at 25°C.  Root length of 3-d-old seedlings was measured. Error bars indicate 
standard errors for 14 measurements of each line. P value < 0.01 is designated 
with **, and P values < 0.05 are shown with *. The vac1-1 mutant 
(homozygous for atvacinv1) was obtained as salk_006934; vac2-1 mutant 
(homozygous for atvacinv2) was obtained as salk_100813-5, and the double 
mutant, vac1-1 x vac2-1 was obtained by crossing the salk_006934 and 
salk_100813 lines.  
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Figure 5-11 Changes in mRNA levels of other invertase family members in vacuolar 
invertase mutants of Arabidopsis. Plants were cultured in half-strength MS 
sugar-free medium for 2 wks under a 12h-photoperiod, transferred to sugar-
free half-strength MS liquid medium for 48 h in darkness.  Taqman based 
quantitative RT-PCR analyses were performed using 200 ng of total RNA 
extracted from each sample.  Level of vacuolar invertase transcriots were 
shown in (A), and cell wall invertase transcripts were present in (B).  Values 
were normalized to 18S rRNA.  Error bars indicate standard errors from three 
biological repeats.  The vac1-1 mutant containing homozygote of atvacinv1 
mutant was obtained as salk_006934; vac2-1 mutant containing homozygote 
of atvacinv2 mutant was obtained as salk_100813-5 and vac1-11 x vac2-1 was 
a double mutant of vacuolar invertases from crossing between salk_600934 
and salk_100813. 
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Figure 5-12 Glucose responses of acid invertase mRNAs in 2-wk-old Arabidopsis plants.  
Starvation was initiated by transferring plants to darkness and sugar-free MS 
liquid medium for 48 h and reversed by moving plants to 55.5 mM Glucose 
(Glc)-containing medium for 0, 3, 6, 12, 24, 50 h.  Taqman based 
quantification by Q-RT-PCR was conducted using 200 ng of total RNA 
extracted from each sample.  Percentage relative to total mRNA was shown 
for AtcwINV1 mRNA, AtcwINV3 mRNA, AtcwINV6 mRNA, AtvacINV1 
mRNA and AtvacINV2 mRNA.  Values were normalized to 18S rRNA was 
used to normalize values.  Error bars indicate standard deviations from three 
biological repeats. 
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Figure 5-13 Changes in mRNA levels of sucrose synthase genes in vacuolar invertase 
mutants of Arabidopsis.  Plants were cultured in half-strength MS sugar-free 
medium for 2 wks under a 12h-photoperiod, transferred to sugar-free half-
strength MS liquid medium for 48 h in darkness.  Relative transcript levels of 
sucrose synthase genes (AtSUS1 to AtSUS6) were measured by SYBR-Green 
real-time PCR after reverse transcription reaction of total RNAs extracted 
from each sample and standardized to a constitutive EF1A4α (EF) RNA.  
Error bars indicate standard errors from three biological repeats.  The vac1-1 
mutant containing homozygote of atvacinv1 mutant was obtained as 
salk_006934; vac2-1 mutant containing homozygote of atvacinv2 mutant was 
obtained as salk_100813-5 and vac1-1 x vac2-l was a double mutant of 
vacuolar invertases from crossing between salk_600934 and salk_100813. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 

Sucrose is the major form of transported photosynthetic product and therefore it 

plays an essential role in plant growth and development.  Sucrose is actively translocated 

in phloem from source tissues such as leaves to sink tissues such as fruits and roots.  

Cleavage of sucrose is the first step in its further use as an energy source and this initial 

reaction can be catalyzed by only two known enzymes in plants.  These are invertase and 

sucrose synthase, the latter mediating a reversible reaction.  They are both pivotal in the 

control of carbohydrate partitioning and utilization (Koch et al. 1996).   

These enzymes are also central to sugar-regulated gene expression, since the 

irreversible invertase reaction provides more substrates for hexose-based sugar sensing 

than does the sucrose synthase reaction (Jang et al. 1997; Koch, 2004).  In addition, 

invertase genes, themselves, are sugar-responsive (Xu et al. 1996; Godt and Roitsch, 

1997; Ciereszko and Kleczkowski, 2002), providing an additional mechanism for feed-

forward and feed-back adjustments of sugar signals to responsive genes. 

In maize, one of the vacuolar invertase genes, Ivr2, is up-regulated by increasing 

sugar levels, whereas another vacuolar invertase, Ivr1, is repressed by sugars (Xu et al., 

1996).  One goal of the research presented here has been to determine whether this 

dichotomous sugar response by vacuolar invertases is common within other species. 

Arabidopsis was therefore chosen because of its complete sequence information and 

genome-wide collection of mutants (Alonso et al., 2003). 
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Vacuolar invertases belong to a well-conserved acid invertase gene family that in 

Arabidopsis includes two vacuolar invertase genes (AtvacINV1 and AtvacINV2) and six 

cell-wall invertase genes (AtcwINV1 through AtcwINV6).  All of them have been shown 

to differ in their patterns of spatial and temporal mRNA expression (Tymowska-Lalanne 

and Kreis, 1998b; Sherson et al., 2003).  To determine possible roles for vacuolar versus 

cell wall invertases at different times and sites during Arabidopsis development, methods 

and materials were developed for absolute, quantitative, real-time RT-PCR for this gene 

family.  This approach provided a quantitative, gene-specific comparison of expression 

for different members of the acid invertase family.  Results showed that AtvacINV1 and 

AtvacINV2 mRNA predominated in vegetative tissues, typically at levels many-fold 

greater than the cell wall invertases.   

Sugar regulation of vacuolar invertase genes was thus studied in greater depth 

using 2-wk-old, rosette-stage Arabidopsis plants.  Analyses of time courses for responses 

and effects of different sugar levels showed that sugars induced AtvacINV1 slowly and in 

a dose-dependent manner, but that repression of AtvacINV2 occurred in less than 30 min 

and exhibited a threshold-type response to relatively limited sugar abundance.  Despite 

glucose induction of the AtvacINV2 promoter (tested as a promoter-GUS fusion) its 

mRNA longevity (quantified in transcriptional-blocking experiments) was severely 

reduced in the glucose treatment.  These data implicated a posttranscriptional 

contribution to control of the Arabidopsis AtvacINV2 vacuolar invertase gene.  This 

interpretation was further supported by identification of two DSTs (downstream 

elements) for instability of plant mRNA (Sullivan et al., 1996) in the 3’ UTR of the 
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AtvacINV2.  Glucose-based destabilization of mRNA could thus provide an overriding 

contribution to the capacity for this sugar to rapidly repress gene expression.  

AtvacINV2 was repressed by sucrose and two non-metabolizable sucrose analogs, 

palatinose and turanose, indicating that disaccharide sensing was also controlling gene 

expression of AtvacINV2.  In addition, AtvacINV2 was down-regulated by glucose and 2-

deoxyglucose, but not 3-o-methylglucopyranose; showing that glucose repression of 

AtvacINV2 also included hexokinase-dependent mechanisms.  Levels of AtvacINV2 

mRNA were repressed by both its enzyme substrate and products.  A sugar-repressed 

vacuolar invertase has also been found in maize (Xu et al., 1996), tomato (Godt and 

Roitsch, 1997), rice (Huang, data not shown), and Arabidopsis (present work).  

Reciprocal sugar responses of the two vacuolar invertases at the mRNA level may be 

responsible for a precise balance of expression across different conditions. 

Another primary goal of the research presented here has been to test potential roles 

for individual vacuolar invertases.  A genetic approach was made possible by availability 

of vacuolar invertase mutants disrupted by T-DNA insertions.  Single mutants were used 

to generate double mutants lacking detectable transcripts for either of the vacuolar 

invertases.  The status of each mutant was confirmed by genomic PCR and Southern blot 

analyses.  Transcript levels were tested by Northern blot and RT-PCR.  Enzyme activity 

in the vacuolar (soluble) fraction was reduced to non-detectable levels in the double 

mutant.  A molecular phenotype was observed for both single and double mutants, each 

generating a unique profile of expression among other members of the invertase and 

sucrose synthase gene families.  This indicated not only that compensation occurred at 

transcriptional levels across multiple sucrose-cleaving enzymes, but also that each of the 
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vacuolar invertases had specific effects on signals to other responsive genes.  A visible, 

altered-root-length phenotype was also observed for these mutants on minimal medium.  

Data presented in this study indicated that vacuolar invertases function not only as 

metabolic enzymes, but also influence regulatory mechanisms. 

Overall, work presented here extends our understanding of the roles and regulation 

of acid invertases in several significant ways.   

1. The bioinformatic analysis of all eight acid invertases in Arabidopsis (from the 
amino acid level to genomic organization) provided basic clues to their 
evolutionary origins.  

2. Absolute, quantitative real-time RT-PCR provided a quantitative gene-specific 
comparison for acid invertase family members.  Evidence showed that AtvacINV1 
and AtvacINV2, predominated in vegetative tissues, whereas AtcwINV2 and 
AtcwINV4 predominated in reproductive organs. 

3. A dichotomous sugar response by vacuolar invertases was shown to extend across 
monocot (maize) and dicot (Arabidopsis) species, indicating a possibly widespread 
role for this regulation. 

4. Sugar repression of the AtvacINV2 invertase appeared to involve both disaccharide 
sensing at the plasma membrane and hexokinase-dependant signals.  

5. Based on homology of amino acid sequences of AtvacINV1, two vacuolar 
invertases were predicted.  Their predicted enzyme functions were confirmed by 
loss of function from mutant analysis.  Double mutants, dysfunctional for both 
vacuolar invertases genes did not contain any detectable soluble acid invertases 
activity, indicating that the entirety of this activity was encoded by these two genes 
in Arabidopsis.  

6. The molecular phenotype of single invertase mutants included altered mRNA 
levels for cell wall invertases and sucrose synthases, that was consistent with an 
upstream role of the AtvacINV1 vacuolar invertase in sugar signaling.  A more 
complex relationship was evident for AtvacINV2. 

7. A visible phenotype for vacuolar invertase mutants was also evident in their altered 
root length on minimal medium, indicating significant roles for these genes in the 
growth of roots.  
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