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Key message Sugarcane lines transformed with an

alanine aminotransferase gene demonstrated an im-

proved nitrogen use efficiency compared with untrans-

formed controls in a pot trial under low nitrogen

conditions.

Introduction and aims

Plant nitrogen (N) nutrition has been the focus of recent

efforts in crop improvement via genetic engineering. Im-

proved N use efficiency (NUE) by overexpression of a

barley alanine aminotransferase gene (AlaAT) in canola

(Good et al. 2004) and rice (Shrawat et al. 2008) is notable

as increased biomass and grain yield were recorded at low

N supply (0.5–4 mM) in hydroponics, growth chambers

and field conditions. However, several challenges exist in

assessing this ‘phenotype’ in transgenic plants, viz.:

incomplete synthesis of data that consider both N utilisa-

tion (NUtE; biomass/plant N content) and N uptake

(NUpE; plant N/N supplied); lack of appropriate controls;

and comparisons between pot and field evaluations (Brauer

and Shelp 2010). To begin to undertake NUE studies with

sugarcane—a monocotyledonous, non-cereal, vegetatively

propagated crop that is only replanted every 3–10 years—a

pot trial protocol was established using five transgenic

AlaAT-expressing lines of a South African sugarcane cul-

tivar, NCo376.

Methodological approach

Transformation

Embryogenic callus of NCo376 was co-bombarded with

two constructs, the first containing the barley alanine

aminotransferase cDNA and rice OsAnt1 promoter (Shra-

wat et al. 2008), the second with the nptII selectable marker

gene and maize ubiquitin promoter (Snyman 2004).

Expression analyses: RNA was extracted from 4-month-

old leaf and root material using a CTAB protocol and

cDNA synthesized using Maxima reverse transcriptase

(Thermo Scientific, Waltham, MA). Specific primers were

designed for barley AlaAT: forward 50-CTAATGCT

GATGACATTTTTCTC-30 and reverse 50-CAGCCCGTC

GATTCATTG-30. Sugarcane tubulin A was used as the

reference gene with primers 50-AGGCCCAACTACTC

CAACCT-30 and 50-TGAGGAGAGCATGAAGTGGA-30.
Real-time PCR was conducted in a 20 ll reaction [50 ng

cDNA, 200 lM MgCl2, 200 nM of each primer and the

DyNAmoTM HS SYBR Green qPCR Kit (Thermo Scien-

tific, Waltham, MA)] using an ABI 7300 real-time PCR

machine (Applied Biosystems Inc., Foster City, CA).
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Pot trial

Transgenic and wild-type control plants were multiplied

in vitro and planted in 3L pots containing coarse river sand

in a glasshouse under ambient light and 22–26 �C. Con-

trols comprised untransformed NCo376 and N19, regarded

as low and high NUE cultivars, respectively, as per present

South African industry pot trial rankings (Schumann et al.

1998). Pots were immersed in metal troughs (18 pots/

trough; random block design), which contained liquid nu-

trients (Schumann et al. 1998; but without N), the surface

of which was covered with thick black plastic. Nitrogen (as

NH4NO3) was supplied to the troughs in the liquid medium

as follows: (1) month 1—1.2 mM N every week; (2)

month 2—1.2 mM N every 2 weeks; (3) month 3—

0.6 mM N every 2 weeks; (4) month 4—0.3 mM N every

2 weeks. This regime and trial duration was based on an

evaluation of NUE in Australian genotypes over 3 months

in pots where N was supplied at limiting (0.4 mM) and

not-limiting (10 mM) levels (Robinson et al. 2007).

Below- and above-ground dry biomass were recorded after

4 months. Total N analysis was undertaken by the SASRI

Fertiliser Advisory Service with a LECO combustion

analyser (TruSpec CN, LECO Corporation, Michigan,

USA). Data were tested for normality using the Shapiro–

Wilk test and subsequently analysed using ANOVA and

Sidak post hoc tests. Means were compared across all

tested lines for each parameter measured. Statistical ana-

lyses were done using the GenStat software package

(version 14; VSN International, UK).

Findings

A range of AlaAT expression was detected in leaves and

roots (Table 1). Although NUE 5 had the highest transcript

level in both of these organs, it had the lowest (and not

significantly different from the NCo376 control) calculated

NUE of the transgenic lines, confirming that high expres-

sion does not always result in a desired ‘phenotype’

(Brauer and Shelp 2010). Lines NUE 23 and NUE 57 had

high NUE, but showed high expression of the transgene in

leaf and root materials, respectively, emphasising the dif-

ficulty in relating expression data to a NUE phenotype.

Although no difference was recorded for stalk diameter,

both shoot height and tiller number (results not shown)

differed for the seven lines tested, with NUE 23 and NUE

57 displaying the significantly greater shoot heights. These

morphological characteristics contributed to the high bio-

mass displayed by lines NUE 9, 23, 43 and 57—all sig-

nificantly higher than the wild type NCo376 control

(Table 1). Furthermore, the biomass produced by NUE 9,

23 and 57 transgenic lines was similar to that of the T
a
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untransformed high NUE control N19. Although NUE 23

exhibited the highest shoot height and one of the highest

recorded total dry mass, its shoot:root ratio was sig-

nificantly lower than that of the other lines. This increased

allocation of biomass to the roots was clearly evident as a

large mat of roots protruding from the pots when the trial

was harvested. This highlights the importance of assessing

above- and below-ground biomass in sugarcane where the

desired high NUE is ideally channelled towards the former.

The NUEs of lines 23 and 57 were significantly im-

proved when compared with that of the wild type, low

NUE, NCo376 control. Further, the similarity between

their NUE values and that of the high NUE N19 control

supports the potential of the transgenic approach. These

results are promising considering the polyploid nature of

the sugarcane genome and the small sample size in this

study. Further, there were differences amongst the trans-

genic lines regarding the contribution of their NUpE and

NUtE to NUE, and such genotypes may prove valuable as

tools for the understanding of these processes.

Future work will consider NUE under field conditions

and different N regimes, where yield parameters such as

sucrose in a mature crop (12–18 months old) can be de-

termined. However, given the constraints in controlling N

supply in a field situation, we consider the pot trial con-

ditions assessed in this study as adequate and useful to

rapidly screen and detect differences amongst lines

relatively quickly (4 months) after identifying a putative

transgenic sugarcane event.
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