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switch was ineffective in the monocotyledonous plant sugar 
cane, and describe a modified alc system that is functional 
in this globally significant crop. A promoter consisting of 
tandem copies of the ethanol receptor inverted repeat bind-
ing site, in combination with a minimal promoter sequence, 
was sufficient to give enhanced sensitivity and signifi-
cantly higher levels of ethanol inducible gene expression. A 
longer CaMV 35S minimal promoter than was used in the 
original alc gene switch also substantially improved etha-
nol inducibility. Treating the roots with ethanol effectively 
induced the modified alc system in sugar cane leaves and 
stem, while an aerial spray was relatively ineffective. The 
extension of this chemically inducible gene expression sys-
tem to sugar cane opens the door to new opportunities for 
basic research and crop biotechnology.
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Abstract  Chemically inducible gene switches can pro-
vide precise control over gene expression, enabling more 
specific analyses of gene function and expanding the 
plant biotechnology toolkit beyond traditional constitutive 
expression systems. The alc gene expression system is one 
of the most promising chemically inducible gene switches 
in plants because of its potential in both fundamental 
research and commercial biotechnology applications. How-
ever, there are no published reports demonstrating that this 
versatile gene switch is functional in transgenic monocoty-
ledonous plants, which include some of the most impor-
tant agricultural crops. We found that the original alc gene 
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Introduction

Constitutive expression of transgenes has been the tra-
ditional approach used to dissect the function of genes in 
developmental and physiological processes in plants. The 
value of this approach, however, is limited when applied 
to genes that are detrimental to plant development or have 
multiple functions that may be epistatic (Laufs et al. 2003). 
More sophisticated technologies that enable precise con-
trol over the spatial and temporal expression of genes can 
overcome these technical challenges. Biotechnology is also 
utilizing more specific expression tools for crop improve-
ment. For example, while the first commercial, genetically 
modified crops used constitutive promoters to control the 
expression of herbicide tolerance (Shah et  al. 1986) and 
insect resistance (Perlak et  al. 1991) genes, we are now 
seeing the emergence of commercial, genetically modi-
fied crops with improved output traits such as golden rice 
(Paine et al. 2005), high-lysine corn (Houmard et al. 2007), 
and Enogen® corn that were created using tissue-specific 
promoters to drive transgene expression.

Chemically inducible gene switches enable both tem-
poral and spatial regulation of gene expression, and can be 
used to more precisely characterize gene function in plants 
(Caddick et  al. 1998; Deveaux et  al. 2003; Laufs et  al. 
2003; Maizel and Weigel 2004). These gene switches also 
hold great promise for crop improvement that cannot be 
achieved using constitutive expression of transgenes. For 
example, they can be used to create traits such as synchro-
nized flowering and fruit ripening, modified plant architec-
ture and improved yield (Ait-ali et  al. 2003), conditional 
male sterility in hybrid seed production (Unger et al. 2002), 
and antibiotic marker-free plants (Hare and Chua 2002). 
Furthermore, chemically inducible gene switches have the 
potential to restrict the production of industrial proteins or 
pharmaceuticals that may otherwise be deleterious to plant 
development until maximum biomass has been generated, 
thereby maximizing recombinant protein yields (i.e. plant 
biofactories).

A number of chemically inducible gene expression sys-
tems have been developed for plants. These systems are 
induced by chemicals such as the antibiotic tetracycline, 
copper, steroids (dexamethasone and estrogen), insecti-
cides, and ethanol (Padidam 2003; Moore et  al. 2006). 
While all of these different systems have been successfully 
used in different dicotyledonous plants, only a few have 
been shown to be functional in monocotyledonous plants. 
The dexamethasone inducible GVG (Ouwerkerk et  al. 
2001) and estrogen inducible XVE (Okuzaki et  al. 2011) 
systems are capable of driving ligand-dependent transgene 
expression in rice, although the latter has only been evalu-
ated in young seedlings. While these systems show prom-
ise for regulating gene expression in the laboratory, the 

major disadvantage of these two systems is that the induc-
ing chemicals are steroid hormones, which would preclude 
their use in the field. The insecticide inducible VGE sys-
tem, however, utilizes the commercially available, regis-
tered, non-steroidal ecdysone agonists tebufenozide and 
methoxyfenozide (Martinez et  al. 1999; Padidam 2003), 
and has been used successfully in maize to condition-
ally restore fertility to the maize ms45 male-sterile mutant 
(Unger et al. 2002).

The alc gene switch is considered to be one of the best 
chemically inducible gene expression systems for use 
in plants (Padidam 2003; Moore et  al. 2006) because of 
its utility in both the laboratory and field (Li et al. 2005). 
This system consists of the AlcR transcription factor and 
one of its target promoters, alcA, which are components of 
the ethanol utilization regulon of the filamentous fungus 
Aspergillus nidulans (Felenbok 1991). AlcR binds to spe-
cific sites in the alcA promoter and, in the presence of an 
inducer (i.e. ethanol or acetaldehyde), initiates transcription 
of the downstream gene. In plants, the alc gene switch can 
temporally regulate gene expression throughout the plant or 
in a spatially-restricted manner by putting alcR under the 
control of either a constitutive or tissue-specific promoter, 
respectively (Caddick et  al. 1998; Deveaux et  al. 2003; 
Maizel and Weigel 2004). This chemically inducible sys-
tem displays little or no apparent basal expression in plants 
in the absence of the inducer, and enables rapidly induc-
ible and reversible gene expression following ethanol treat-
ment (Caddick et al. 1998; Salter et al. 1998; Roslan et al. 
2001). The inducer, ethanol, is inexpensive, biodegradable, 
readily available, and non-phytotoxic at the levels neces-
sary to induce gene expression. While the alc gene switch 
has been shown to function in a variety of dicotyledonous 
plants including tobacco (Caddick et al. 1998), Arabidopsis 
(Roslan et al. 2001), poplar (Filichkin et al. 2006), potato 
(Sweetman et  al. 2002), oilseed rape (Sweetman et  al. 
2002), and tomato (Garoosi et  al. 2005), it has not been 
reported to be functional in monocotyledonous plants.

Sugar cane is the world’s largest crop by tonnage (1.7 
billion metric tons in 2010), and is grown on over 24 mil-
lion hectares in around 120 countries (FAOSTAT 2008). 
It is a valuable industrial crop used for the production of 
approximately 75 % of the world’s sugar and a significant 
portion of the world’s biofuel (FAOSTAT 2008). Sugar 
cane is also the most productive biomass crop, yielding 
an annual dry biomass of approximately 39  t/ha (bagasse 
and trash), which is significantly higher than that of other 
biomass crops such as Miscanthus (29.6 t/ha), switchgrass 
(10.4 t/ha), and maize (17.6 t/ha grain plus stover) (Heaton 
et al. 2008). The difficulties and limitations associated with 
the classical breeding in this highly polyploid crop, and the 
broad potential of genetic engineering, make biotechnology 
an attractive approach for the improvement of sugar cane 
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(Lakshmanan et al. 2005). Given its high biomass yield, the 
cellulose present in sugar cane is an enormous and renew-
able source of fermentable sugars for biofuel production. 
The creation of transgenic plants capable of expressing the 
cellulase and hemicellulase enzymes needed to convert the 
biomass into fermentable sugars will greatly improve the 
economic sustainability of cellulosic ethanol production 
(Sainz 2009; Harrison et  al. 2011). A functional alc gene 
switch could be valuable for this application because the 
constitutive expression of either individual or combina-
tions of cell wall hydrolysing enzymes may be detrimental 
to plant development. Furthermore, dissecting the function 
of genes involved in complex, developmentally-regulated 
processes in sugar cane such as sucrose biosynthesis, trans-
port, and metabolism would be greatly facilitated by a sys-
tem that enables precise spatial and temporal control over 
transgene expression.

Here, we report the development of an improved alc 
gene switch that functions effectively in a broad-acre, com-
mercially-grown monocotyledonous plant, namely sugar 
cane. Transgenic sugar cane possessing this improved alc 
gene expression system displayed stable, ethanol induc-
ible gene expression. The improved alc gene switch was 
effectively induced in large, glasshouse-grown sugar cane 
plants through the application of ethanol to the roots. The 
improvement of this chemically inducible gene expression 
system may enhance its application in basic plant biology 
research and the genetic improvement of crops.

Materials and methods

Vector construction

For the non-optimized vectors, a Zm-Ubi1-GS (GUS syn-
tron) construct was generated that contained the Zm-Ubi1 
promoter, the GUS reporter gene containing a synthetic 
intron (GS), and the nopaline synthase (nos) terminator. 
The GS sequence consisted of a 232  bp 1st exon, 84  bp 
synthetic intron, and 1,580 bp 2nd exon. For the non-opti-
mized alc gene switch, a Zm-Ubi1-alcR alcA-GS construct 
was generated that contained the alcR coding sequence 
under the control of Zm-Ubi1, and GS under the control of 
the original alcA promoter.

Sugar cane optimized alc switch constructs (Fig.  1a) 
were generated by incorporating the following modifica-
tions: (1) the alcR and uidA (GUS) coding sequences were 
optimized for expression in sugar cane (scoalcR and sco-
GUS, respectively) by Geneart AG through the modifica-
tion of the alcR and GUS coding sequences without alter-
ing the encoded protein sequences. The sequences were 
modified to increase the overall G+C content, improve 
the codon adaptation index (how well the codons match 

the codon usage preference of sugar cane), and eliminate 
potential cryptic splice sites, polyadenylation consensus 
sequences, and potential ribosome binding sites. (2) the 
TMV omega translational enhancer sequence (5′-gtatttt-
tacaacaattaccaacaacaacaaacaacaaacaacattacaattactatttacaat-
taca-3′) followed by an alternative Kozak sequence (gcg-
gccgcc) were placed immediately upstream of the scoalcR 
and scoGUS coding sequences; the nine different alcA pro-
moter variants, in addition to the original alc switch, were 
synthesized by Geneart and cloned directly upstream of the 
TMV omega-scoGUS. The Zm-Ubi1-scoGUS consisted of 
the Zm-Ubi1 promoter followed by TMV omega and the 
alternative Kozak sequence upstream of scoGUS.

Plant transformation, growth, and maintenance

Field-grown sugar cane material used for callus produc-
tion was kindly provided by the Bureau of Sugar Experi-
ment Stations (BSES Ltd.). Transgenic plants were regen-
erated from embryogenic sugar cane callus that had been 
transformed either by microprojectile bombardment (MPB) 
(non-optimized vectors; cultivar Q117) or Agrobacterium-
mediated transformation (sugar cane optimized vectors; 
cultivar KQ228). Transformation using MPB and Agro-
bacterium-mediated transformation was carried out as 
described previously (De Lucca et al. 2010; Harrison et al. 
2011).

Plants were initially moved from tissue culture and 
placed in seedling trays containing soil and incubated in a 
growth chamber. After transfer to soil, the plants were ana-
lyzed for the presence of the transgene and copy number 
(1, 2, >2) using TaqMan real-time PCR analysis (Ingham 
et al. 2001) of all the relevant transgenes (i.e. nptII, GUS, 
scoGUS, alcR, scoalcR). Samples from a transgenic sugar 
cane plant possessing a single copy of the nptII gene (as 
determined by Southern blot analysis) were included as a 
control in the TaqMan assay. At approximately 8  weeks 
post transfer to soil, the T0 plants were moved to 4.5 l pots 
and maintained in a glasshouse at 28 °C with only natural 
lighting. At approximately 7  months post transfer to soil, 
T0 plants were transferred into 14  l pots until maturity 
(approximately 12 months of age). Setts containing a sin-
gle bud were obtained from stems of mature T0 and T0V1 
(vegetatively-propagated plants from setts of T0 plants) 
plants, germinated in soil, and maintained in 14  l pots in 
the glasshouse.

Ethanol treatment

Transgenic plants possessing the original non-optimized 
alc gene switch (generated using MPB) were character-
ized at approximately 15 weeks post transfer to soil. Etha-
nol treatment was carried out using 10 % (v/v) ethanol and 
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subsequently with 2 % (v/v) ethanol (700 ml per 4.5 l pot 
root drench and an aerial spray until runoff). After treat-
ment, the plants were enclosed using plastic sheeting to 
maximize their exposure to the ethanol vapor. Leaf sam-
ples were taken just prior to ethanol treatment and from the 
same leaf at three and 6 days post treatment (d.p.t.) for his-
tochemical analysis as described below.

Transgenic plants possessing the sugar cane optimized 
constructs (generated using Agrobacterium-mediated trans-
formation) were initially characterized at 4–7  weeks post 
transfer to soil using either a 2 % (v/v) ethanol treatment 
(daily 2  % (v/v) ethanol root drench and aerial spray for 
four consecutive days) or with 1  % (v/v) ethanol using a 
single root drench (800  ml per seedling tray) and aerial 
spray until runoff. Leaf samples were taken just prior to 
ethanol treatment and at five d.p.t. from the same leaf. For 
analysis of ethanol inducible expression in older plants, all 
the single copy plants for each construct were selected and 
transferred to the glasshouse. Approximately 6-month-old 
T0 plants were treated with 5 % (v/v) ethanol using a single 

root drench (700 ml per 4.5 l pot; approximately 15.5 ml of 
5 % ethanol per 100 ml of soil) and aerial spray. Leaf sam-
ples were taken just prior to ethanol treatment and at two, 
four, and seven d.p.t. from the same leaf. Analysis of etha-
nol inducible expression in T0V1 and T0V2 plants utilized 
a 5 % (v/v) ethanol induction consisting of either a single 
root drench (2 l per 14 l pot) and aerial spray until runoff, 
root drench alone, or aerial spray alone. Ethanol toxicity 
experiments were carried out on approximately 6-month-
old wild type (cultivar KQ228) rationed (i.e. regrown 
after harvesting) plants and 4-week-old wild type (cultivar 
KQ228) sett plants using a soil root drench.

Analysis of GUS accumulation

Leaf samples equal to approximately five standard hole 
punches were taken from the first fully unfurled leaf. For 
histochemical analysis, leaf samples were vacuum infil-
trated (30 min) with 50 mM Na3PO4, 0.01 M EDTA, 500 
nM ferrocyanide, 500 nM ferricyanide, 0.1 % (v/v) Triton 

nptIIscoAlcR

scoGUS

T-DNA LB T-DNA RBZm-Ubi1Zm-Ubi1 alcA

nos

nos

nos

alcA (-349 to -112) 35S (-32 to +3)orig

35S (-73 to +7)var1

var2

alcA (-349 to -112)

alcA (-400 to -112) 35S (-32 to +3)
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Fig. 1   Schematic representations of the alcA constructs. a Overview 
of the alc gene switch construct design. b Schematic representations 
of the original (orig) alcA promoter developed for plants and alcA 
promoter variants (var) that were tested for ethanol inducibility in 
sugar cane. The AlcR binding sites (a, b, c) within the alcA promoter 
consist of either two direct repeats (binding site “a”), two inverted 
repeats (binding site “b”), or three half sites consisting of both direct 

and inverted repeats (binding site “c”). **Indicates the AlcR “a” 
binding sites that were mutated to more closely resemble the consen-
sus binding site sequence. iAdh1, intron from the maize Adh1 gene. 
Numbering for the alcA promoter indicates nucleotide positions rela-
tive to the alcA translational start site. Numbering for the CaMV 35S 
minimal promoter indicates nucleotide positions relative to the CaMV 
35S transcriptional start site
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X-100 and 1 mM 5-Bromo-4-chloro-3-indolyl-beta-d-glu-
curonic Acid (X-Gluc) (Phytotechnology laboratories), and 
incubated at 37 °C for 48 h. Following staining, chlorophyll 
was removed from the leaf samples by repeated washing in 
100 % ethanol. Transverse stem sections were incubated in 
the staining buffer (without vacuum infiltration) for 24  h 
and subsequently stored in 100 % ethanol.

GUS accumulation was quantitatively analyzed by 
ELISA as previously described (Harrison et  al. 2011). A 
sample from the first fully unfurled leaf equal to approxi-
mately four standard hole punches was taken and placed 
into one well of a 96-well sample block on ice. Each plant 
was sampled in duplicate from the same leaf. Samples were 
subsequently frozen at −80  °C and freeze-dried prior to 
analysis.

RNA analysis

Samples for RNA analysis were taken from the first fully 
unfurled leaf and a young stem section (internode 4) of 
approximately 6-month-old plants. RNA was isolated using 
TRI reagent (Sigma-Aldrich) according to the manufac-
turer’s instructions, and 1  μg of RNA was used to make 
cDNA using the M-MLV reverse transcriptase system (Pro-
mega) according to the manufacturer’s instructions. Prim-
ers specific to the sugarcane glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) gene (Forward: 5′-cacggccactg-
gaagca-3′; Reverse: 5′-tcctcagggttcctgatgcc-3′) were used 
in a PCR to verify that the cDNA synthesis was success-
ful and that there was no genomic DNA contamination in 
the reverse transcriptase (RT) negative samples. Primers 
specific to the scoGUS gene (Forward: 5′-cgtgcgtgaacgt-
gatgttct-3′; Reverse: 5′-agcgcttttgcagcaggaa-3′) were used 
in a PCR (95 °C for 3 min, and 25 or 30 cycles of 95 °C 
for 30 s, 55 °C for 30 s, and 72 °C for 1 min), and the PCR 
products were subsequently visualized using SYBR safe 
DNA gel stain (Invitrogen).

Results

Functional analysis of the original alc gene switch  
in sugar cane

There are no reports demonstrating that the original alc 
gene switch is functional in monocotyledonous plants. The 
functionality of the alc gene switch was evaluated in sugar 
cane using the AlcR transcription factor constitutively 
expressed from the Zm-Ubi1 promoter, and the original 
ethanol inducible alcA promoter developed for plants (Cad-
dick et al. 1998) driving expression of the beta-glucuroni-
dase (GUS) reporter gene (Jefferson et al. 1987). No GUS 
accumulation was detected by histochemical staining in 

any of the 21 confirmed transgenic alc gene switch plants 
(generated using MPB) following induction with either 2 % 
(v/v) or 10 % (v/v) ethanol (data not shown). The lack of 
any detectable ethanol inducible expression in transgenic 
sugar cane may be due to different factors such as low 
expression of the ethanol receptor AlcR and/or low sensi-
tivity of the alcA promoter.

Development of a functional alc gene switch in sugar cane

To develop a functional alc gene switch in sugar cane, we 
designed and tested nine different alcA promoter variants 
(Fig.  1b; Supplemental Table S1). Modifications to the 
original alcA promoter engineered for plants included (1) 
a longer CaMV 35S minimal promoter element because 
this was shown to substantially increase chemically induc-
ible gene expression in tobacco (Martinez et al. 1999); (2) 
incorporation of the entire 5′ region of the A. nidulans alcA 
promoter which possesses an additional AlcR binding site 
shown to be important for ethanol inducibility (Panozzo 
et al. 1997); (3) incorporation of five tandem copies of the 
AlcR inverted repeat binding site; (4) incorporation of a 
maize Adh1 intron which has been shown to increase gene 
expression in plants (Callis et al. 1987); (5) mutation of the 
weak AlcR binding site “a” to better match the consensus 
binding site sequence (Nikolaev et al. 1999) for improved 
transcription factor binding and; (6) use of the native A. nid-
ulans alcA promoter sequence instead of the heterologous 
CaMV 35S minimal promoter. For improved expression of 
alcR, all of the constructs utilized a sugar cane optimized 
alcR gene (scoalcR; driven by Zm-Ubi1; Fig. 1a). In addi-
tion, a sugar cane optimized GUS gene (scoGUS; driven by 
the different alcA promoters) was also used for improved 
expression (Fig. 1a). Agrobacterium-mediated transforma-
tion was used to generate a total of 448 independent trans-
genic events, with between 25 and 66 confirmed transgenic 
sugar cane plants for each construct (Table 1).

Ethanol inducible expression was initially investigated 
using GUS histochemical staining of leaves from 4 to 
7  week old plants. To do this, the transgenic plants were 
divided into two groups. One group was evaluated for etha-
nol inducible expression in response to a repeated (daily) 
2 % (v/v) ethanol root drench and aerial spray for four con-
secutive days. The other group was evaluated for ethanol 
inducible expression in response to a milder ethanol induc-
tion consisting of a single 1  % (v/v) ethanol root drench 
and aerial spray. GUS histochemical staining was assessed 
in both groups after 5 days. Following the daily 2 % etha-
nol treatment, GUS accumulation was detected in a con-
siderably higher proportion of transgenic plants containing 
some of the alcA promoter variants (up to 80 % for var4) 
than was observed for the original alcA promoter (17  %) 
(Table  1; Supplemental Table S2). The milder ethanol 
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treatment further differentiated the ethanol sensitivity of 
the different promoters, with only those plants containing 
var4 (59 %), var5 (63 %), and var9 (41 %) having a high 
proportion of ethanol inducible expressing plants (Table 1; 
Supplemental Table S2). Var3 and var7 were the only other 
promoters to yield detectable expression in response to the 
milder ethanol treatment, with just 4 and 7 % of the plants 
showing visible GUS staining, respectively (Table 1). The 
var4, var5, and var9 promoters all incorporate five tandem 
copies of the AlcR inverted repeat binding site (Fig.  1b), 
indicating that this modification substantially improved the 
performance of the alc gene switch in sugar cane.

Characterization of transgenic plants containing only a 
single copy of the expression construct is essential for an 
accurate comparison of different promoters. Therefore, sin-
gle copy plants for each of the constructs were selected fol-
lowing copy number assessment (Supplemental Table S2). 
These single copy plants were assessed for ethanol induci-
ble GUS expression at 6 months (1.5–2 m tall) post-transfer 
to soil using a 5 % root drench and aerial spray. No GUS 
activity was detected in the plants prior to ethanol treat-
ment (data not shown). Following treatment, significantly 
higher ethanol inducible expression was detected in the 
leaves of sugar cane plants with the novel promoter vari-
ants (var4, var5 and var9) incorporating five tandem copies 
of the AlcR inverted repeat binding site (Fig. 2a). The pen-
tamer alone (var9), without any additional alcA promoter 
sequence, was sufficient for enhanced ethanol inducible 
expression (Fig. 2a). Ethanol inducible expression was also 

assessed in the stem of transgenic sugar cane possessing 
the original alc gene switch promoter and the var5 and var9 
promoters using GUS histochemical staining. No GUS 
accumulation was detected in any of the plants prior to eth-
anol treatment (Fig. 2b). Following ethanol induction, GUS 
accumulation was detected in the stem of transgenic sugar 
cane possessing the improved var5 and var9 promoters, but 
not the original alc gene switch promoter (Fig. 2b).

In addition to the tandem copies of the AlcR inverted 
repeat binding site, the choice of minimal promoter also 
showed a substantial effect on ethanol inducible expression. 
Promoter variants containing the longer CaMV 35S minimal 
promoter (−73 to +7) had consistently higher levels of eth-
anol inducible expression than otherwise identical variants 
containing a shorter CaMV 35S minimal promoter (Fig. 2a; 
compare orig to var1, var2 to var3, and var4 to var5). Maxi-
mum levels of GUS accumulation from transgenic events 
possessing the strongest ethanol inducible promoter variant 
(var5) were in the range obtained with the constitutive Zm-
Ubi1 promoter (53–193 ng GUS/mg protein; Fig. 3).

The ideal chemically inducible gene switch should have 
no expression in the absence of inducer in addition to pro-
viding high levels of inducible expression. Using a quanti-
tative GUS ELISA, no GUS accumulation was detected in 
the leaves of 24 of 27 6-month-old transgenic sugar cane 
plants containing the improved var4, var5, and var9 pro-
moters prior to ethanol treatment (with a lower detection 
limit of approximately 1.8  ng GUS ml−1), and only low 
levels (1.1 ± 0.63 ng GUS mg−1 protein) were detected in 
the remaining three plants. Analysis of promoter activity at 
the transcriptional level, however, revealed that a low level 
of GUS transcript was present in both the leaves and stems 
of uninduced plants (Fig. 4).

Induction of the alc gene switch in response to root  
drench vs aerial spray

Ethanol induction of the 6-month-old, single copy trans-
genic sugar cane described above was achieved using a 
combination of an aerial spray and root drench. Therefore, 
we examined the relative effectiveness of using either an 
aerial spray or root drench alone to induce the improved 
alc gene switch in sugar cane. This experiment was carried 
out using clones from stem cuttings (setts) of a single-copy, 
mature var9 plant. Strong GUS staining was detected in 
the leaves, and young and mature stem sections of all three 
clones that were induced using a 5 % ethanol root drench 
alone (representative images shown in Fig.  5). In con-
trast, GUS staining was either absent or weak in both the 
leaves and stems of plants treated with a 5 % ethanol aer-
ial spray alone (Fig. 5). Plants treated with a 5 % ethanol 
root drench remained healthy, with little or no detectable 
effects other than occasional yellowing of the oldest leaves. 

Table 1   GUS histochemical staining in the transgenic sugar cane 
plants at 4–7 weeks post transfer to soil

Histochemical staining was assessed at 5  days post treatment with 
either a daily 2 % root drench and aerial spray or a single 1 % root 
drench and aerial spray
a  Plants were considered induced if, following ethanol treatment, the 
leaf samples clearly possessed stronger GUS staining than the unin-
duced samples based on visual examination of the samples following 
removal of the chlorophyll

Construct GUS histochemical staining

Total number of  
transgenic plants

Induced by 2 %  
ethanola

Induced by 1 %  
ethanola

orig 25 2/12 (17 %) 0/13 (0 %)

var1 44 6/30 (20 %) 0/14 (0 %)

var2 31 1/17 (6 %) 0/14 (0 %)

var3 66 8/16 (50 %) 2/50 (4 %)

var4 44 8/10 (80 %) 20/34 (59 %)

var5 57 12/27 (44 %) 19/30 (63 %)

var6 44 0/6 (0 %) 0/38 (0 %)

var7 33 10/18 (56 %) 1/15 (7 %)

var8 40 4/20 (20 %) 0/20 (0 %)

var9 64 12/32 (38 %) 13/32 (41 %)
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To assess the relative toxicity of ethanol on sugar cane at 
different stages of development, we treated both young 
(4-weeks-old) sugar cane plants and older (approximately 
6-months-old) plants with different concentrations of an 

ethanol root drench. Young sugar cane plants were rela-
tively tolerant to ethanol treatment, however some growth 
retardation and leaf senescence was visible in plants treated 
with 10  % ethanol, and some plants treated with 7.5  % 
ethanol showed a relatively low occurrence of leaf senes-
cence (Fig.  6a and Supplemental Fig. S1). Young sugar 
cane plants treated with either 2.5 or 5 % ethanol did not 
display any detectable phenotype, and appeared similar to 
the controls treated with water alone (Fig. 6a and Supple-
mental Fig. S1). Similarly, more mature plants treated with 
a 5  % ethanol root drench did not display any detectable 
phenotype and appeared similar to the controls (Fig.  6b). 
In contrast, a 10  % ethanol root drench was highly toxic 
to older plants and caused severe leaf senescence through-
out the plant, including the upper growing region (Fig. 6b). 
In older plants treated with a 7.5  % ethanol root drench, 
leaves of the upper growing region remained healthy while 
older leaves senesced (Fig. 6b).

Stability of ethanol inducible gene expression in sugar cane

Transgene expression stability between generations is an 
important characteristic for any plant expression system. 

Fig. 2   Ethanol inducible expression in transgenic plants containing 
the different alcA promoter variants. a GUS accumulation in leaf of 
6-month-old sugar cane at different days post treatment (d.p.t.) with 
a 5  % ethanol root drench and aerial spray. Data are mean  ±  SE. 
n =  number of independent, single copy transgenic plants analyzed 
for each construct. Data with different letters are significantly differ-
ent. **P < 0.01; ***P < 0.001. Statistical analyses were carried out 

using a one-way ANOVA with Tukey post test. b Representative GUS 
staining in uninduced and induced (4 d.p.t.) transverse stem sections 
(internode 8) taken from wild type (WT) plants, and independent 
transgenic vegetative subclones (T0V1) containing the original (orig) 
alcA promoter, variant5 (var5), or variant9 (var9). Ethanol induction 
was carried out using a 5 % ethanol root drench and aerial spray

WT ZmUbi1 var5 var5
Transgenic #1 Transgenic #2

2
d.

p.
t.

2
d.

p.
t. 4
d.

p.
t.4

d.
p.

t.

0
d.

p.
t.

0
d.

p.
t. 7

d.
p.

t.

7
d.

p.
t.

Fig. 3   Comparison of constitutive and ethanol inducible expression 
in transgenic sugar cane. GUS accumulation in leaf of 6-month-old 
wild type sugar cane and transgenic plants containing a single copy 
of the Zm-Ubi1-scoGUS or var5-scoGUS construct. Mean GUS accu-
mulation is shown for untreated wild type and Zm-Ubi1-scoGUS 
(n  =  11) plants and two independent var5-scoGUS plants prior to 
induction and at various days post treatment (d.p.t.) with a 5 % etha-
nol root drench and aerial spray
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Sugar cane is a vegetatively propagated crop that is typi-
cally replanted every 3–4  years. To assess the stability of 
the improved alc gene switch in sugar cane, setts from the 
12 month old primary transgenic plants (T0) were planted 
and the resulting vegetatively propagated plants (T0V1) 
were assessed for ethanol inducible gene expression using 
a 5  % ethanol root drench and aerial spray. As shown in 
Fig. 7, ethanol inducible expression was maintained in the 
vegetatively propagated plants obtained from the independ-
ent, primary transgenic plants.

Discussion

The alc gene switch has proven to be a valuable tool for 
analyzing gene function, and for plant biotechnology appli-
cations (Deveaux et  al. 2003; Maizel and Weigel 2004; 
Werner et al. 2011), but to date this system has been limited 
to dicotyledonous plants. The improved alc gene switch 
described here will enable this valuable gene expression 
technology to be utilized in the globally-important mono-
cotyledonous crop sugar cane. A single ethanol treatment 
was sufficient to provide ethanol inducible gene expression 
in large (approximately 1.5–2  m tall), single copy, sugar 
cane plants grown in tall (5–6.5  m) glasshouses. To our 

knowledge, these are the largest plants to be described for 
use with the alc gene switch. For most transgenic plants it 
was not possible to determine the fold induction of GUS 
protein accumulation in response to ethanol treatment 
because no GUS accumulation was detected prior to induc-
tion. However, in one transgenic plant that possessed a 
detectable level of GUS protein prior to induction, ethanol 
treatment increased GUS protein accumulation by approxi-
mately 100-fold (Fig. 3, var 5 transgenic #1). The low level 
of leaky expression may make this system suitable for the 
inducible expression of a variety of different proteins, how-
ever it is currently not known how it will perform when 
regulating the expression of a protein that is highly toxic to 
plant cells. Ethanol induction was achieved without main-
taining the plants in a tightly confined environment that 
has typically been used in other plant systems to maintain 
a high and continuous ethanol vapor for optimal induction 
(Roslan et al. 2001; Sweetman et al. 2002; Filichkin et al. 
2006). It is still possible, however, that ethanol vapor from 
the root drench and aerial spray contributed to the ethanol 
inducible expression in the glasshouse experiments. The 
application of ethanol to the roots effectively induced the 
alc gene switch in sugar cane, while an aerial spray was 
relatively ineffective. These results are consistent with a 
previous study showing that a root drench gave approxi-
mately fivefold higher expression than an aerial spray in 
tobacco leaves (Sweetman et al. 2002). We found that root 
treatment induced the alc gene switch in both mature and 
young stem, as well as the upper leaves of the sugar cane, 
suggesting that the ethanol was being transported through-
out the plant in the xylem. Plants treated with a single 5 % 
root drench (with or without an aerial spray) remained 
healthy, with the exception of some yellowing of the old-
est leaves. The effect of repeated ethanol root drenches 
on sugarcane growth and development are currently not 
known. While the aerial spray utilized in these studies did 
not efficiently induce the alc gene switch, it is possible that 
improved induction may be achieved by ensuring that the 
stomata are fully open at the time of application, and/or by 
using an ethanol formulation that includes a surfactant.

While the original alc gene switch is functional in a 
range of dicotyledonous plants, there are no published 
reports demonstrating its functionality in monocotyle-
donous plants. Our results support the hypothesis that the 
original alc gene switch developed for plants functions 
poorly in monocotyledonous plants, in particular sugar 
cane. Using standard expression constructs that were not 
modified for optimal expression in sugar cane, no ethanol 
inducible expression was detected using the original alc 
gene switch that has been shown to function in a variety 
of dicotyledonous plants (Caddick et al. 1998; Roslan et al. 
2001; Sweetman et al. 2002; Garoosi et al. 2005; Filichkin 
et al. 2006). Using gene optimized alcR (scoalcR) and GUS 

H2O   1     2     3     1    2      3  WT  Ubi1

stem leaf

GAPDH

GUS
30 cycles

GUS
25 cycles

Fig. 4   RT-PCR analysis of the basal expression levels from the alc 
gene switch in transgenic sugar cane. RNA was isolated from the 
stem and first fully unfurled leaf of three independent, 6-month-old 
vegetative subclones (T0V2) from a representative, single copy var9 
alc gene switch event. RNA from the first fully unfurled leaf of a 
wild type (WT) and constitutive Zm-Ubi1-scoGUS (Ubi1) plant were 
used as negative and positive controls, respectively. A PCR contain-
ing water alone (H2O) also served as a negative control. Primers 
specific for the scoGUS gene were used in a PCR, and the resulting 
products were visualized after either 25 or 30 cycles. Primers specific 
for GAPDH were used as a control to verify the success of cDNA 
synthesis
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(scoGUS) coding sequences for improved expression in 
sugar cane, only 2 of 12 transgenic plantlets (17 %) showed 
detectable ethanol inducible expression from the original 
alcA promoter, and both of these plantlets possessed multi-
ple copies of the expression construct (Supplemental Table 
S2). This ethanol inducible expression was only detected in 
plantlets in response to a relatively strong ethanol induc-
tion, and was undetectable in the 13 plantlets exposed to 
a milder ethanol treatment. Increased expression of the 
scoalcR and scoGUS sequences relative to the non-opti-
mized sequences was expected to enhance the performance 
of the gene switch. Expression from a Zm-Ubi1-scoGUS 
construct has been shown to be approximately 32–50 fold 
higher than the expression from a standard Zm-Ubi1-GUS 
(Kinkema, unpublished data). At present it is not clear why 
the functionality of the original alc gene switch differs so 
dramatically between dicotyledonous and monocotyledon-
ous plants.

Six different modifications to the alcA promoter were 
evaluated in order to develop a functional alc gene switch 
for sugar cane. Interestingly, the only modification that 
significantly improved the alc gene switch in sugar cane 
was the incorporation of five tandem copies of the AlcR 
inverted repeat binding site. This was surprising because 
some of the other modifications have been shown to sub-
stantially improve chemically inducible gene expression 
in either A. nidulans or transgenic plants. For example, 
deletion of AlcR binding site “a” within the alcA promoter 
decreased ethanol inducible expression by approximately 
70  % in A. nidulans (Panozzo et  al. 1997), but the addi-
tion (or deletion) of this binding site to the alc promoter 
did not have any significant effect on the alc gene switch 
in sugar cane (Fig.  2a; compare orig to var2 and var1 to 
var3). However, we cannot rule out the possibility that the 
AlcR binding site “a” may have a modest effect on the alc 
gene switch in sugar cane because a higher proportion of 

Zm-Ubi1   Uninduced Aerial spray   Root drench

Leaf

Mature
stem

Young
stem

Fig. 5   Comparison of ethanol inducible expression in response to 
aerial spray or root drench. GUS staining in leaf and transverse stem 
sections (Young, internode 4; Mature, internode 13) of 6-month-
old constitutive Zm-Ubi1-scoGUS (Zm-Ubi1), and T0V2 vegetative 
subclones from a representative var9 alc gene switch event. The alc 

switch subclones were analyzed prior to induction (uninduced), and 
after induction (4 d.p.t.) using either an aerial spray or root drench. 
GUS staining was similar for the three independent clones analyzed 
for each treatment, and representative images are shown
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plants containing a construct possessing this binding site 
(var3) showed detectable ethanol inducible expression 
relative to the comparable construct lacking this site (var1; 

Table  1). In tobacco, a longer CaMV 35S minimal pro-
moter increased insecticide inducible gene expression up 
to 20-fold (Martinez et  al. 1999), while a similar modifi-
cation had a more modest effect on the alc gene switch in 
sugar cane (Fig. 2a; compare orig to var1, var2 to var3, and 
var4 to var5). It was not obvious that tandem copies of the 
AlcR binding site would improve the functionality of the 
alc gene switch because a previous study found that four 
tandem copies of the AlcR direct repeat binding site did 
not enhance ethanol inducible expression over that of the 
original alc gene switch (Jepson et al. 2001). Furthermore, 
the alcA promoter sequence already contains three separate 
AlcR binding site regions (Fig. 1). The discovery that tan-
dem copies of the AlcR inverted repeat binding site appear 
to be unique in their ability to significantly improve the alc 
gene switch may be due to the fact that two molecules of 
AlcR can simultaneously bind to an inverted repeat while 
only one molecule binds the direct repeat (Lenouvel et al. 
1997; Panozzo et al. 1997).

Studies in A. nidulans have suggested that the position 
of the AlcR binding site (240  bp upstream of the tran-
scriptional start site (TSS)) is critical for ethanol inducible 
expression from the alcA promoter (Panozzo et  al. 1997). 
However, the strong ethanol inducibility of var9 (in which 
all of the AlcR binding sites are within 186 bp of the TSS) 
suggests that the exact location of these binding sites are 
not critical for ethanol inducible expression in plants, 
although it is possible that even higher ethanol inducible 
expression could be achieved by optimizing the position of 
these AlcR binding sites.

In conclusion, we have developed a functional alc gene 
switch for sugar cane that exhibits increased ethanol sen-
sitivity and inducibility. Five tandem copies of the AlcR 
inverted repeat binding site alone (without any additional 
alcA sequence) were sufficient to significantly improve the 
functionality of the alc gene switch. The functionality of 
the improved alc gene switch in sugar cane, a plant that is 
relatively recalcitrant to genetic engineering (Lakshmanan 

Water 2.5%           5%            7.5%         10%
control       ethanol      ethanol ethanol ethanol

Water 5%                            7.5%             10%
control                     ethanol                       ethanol ethanol

(A)

(B)

Fig. 6   Ethanol toxicity in sugar cane. Plants were treated using a sin-
gle ethanol root drench at the indicated concentrations. Photographs 
were taken 10  days after treatment. a 4-week-old sugar cane plants 
treated with different concentrations of ethanol. Photograph shows 
a selected plant for each of the ethanol treatments for comparison. 
See Supplemental Fig. S1 for images of all plants for each treatment.  
b Photographs for the approximately 6-month-old plants, showing the 
upper, approximately one-third of the sugar cane plants

Fig. 7   Ethanol inducible 
expression in vegetatively 
propagated transgenic sugar 
cane plants. GUS accumula-
tion in leaves of 6-month-old 
T0 and 4-month-old T0V1 
transgenic sugar cane at 4 days 
post treatment with a 5 % 
ethanol root drench and aerial 
spray. The T0 and T0V1 plants 
were at approximately the same 
developmental stage based on 
plant height. Data for the T0V1 
are mean ± SD from 2 to 3 
independent plants
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et al. 2005), makes it possible that the successful applica-
tion of this switch will also extend to other monocotyle-
donous plants. Furthermore, the enhanced ethanol sensi-
tivity and inducibility achieved with this system may also 
provide benefits over the current alc gene switch used in 
dicotyledonous plants. However, future work is required to 
assess the utility of this gene switch in other plants. In addi-
tion, the speed of induction and stability of expression in 
multiple generations (beyond the T0V1 generation) remain 
to be determined. Finally, while the volume of ethanol used 
to induce the alc gene switch in sugar cane (15.5  ml per 
100 ml of soil) is in the range used by other researchers for 
activation of the alc gene switch in other plants (5–16 ml 
per 100 ml soil; Roslan et al. 2001; Sweetman et al. 2002; 
Garoosi et al. 2005; Filichkin et al. 2006), experiments in 
the field will be essential to assess the utility of this chemi-
cally inducible system for commercial biotechnology 
applications.
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