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Trehalose 6-phosphate (T6P), the 
precursor of trehalose, is a signaling 

molecule in plants with strong effects on 
metabolism, growth and development. 
We recently showed that in growing tis-
sues T6P is an inhibitor of SnRK1 of the 
SNF1-related group of protein kinases.1 
SnRK1 acts as transcriptional integrator 
in response to carbon and energy supply. 
In microarray experiments on seedlings 
of transgenic Arabidopsis with elevated 
T6P content we found that expression 
of SnRK1 marker genes was affected in 
a manner to be predicted by inhibition of 
SnRK1 by T6P in vivo.1 A large number 
of genes involved in reactions that utilize 
carbon, e.g., UDP-glucose dehydroge-
nase genes involved in cell wall synthesis, 
were upregulated. T6P was also found to 
affect developmental signaling pathways, 
probably in a SnRK1-independent man-
ner. This includes upregulation of genes 
encoding UDP-glycosyltransferases that 
are involved in the glycosylation of hor-
mones. In addition, genes involved in 
auxin response and light signaling were 
affected. Many of these genes belong to 
pathways that link the circadian clock to 
plant growth and development. The over-
all pattern of changes in gene expression 
supports a role for T6P in coordinating 
carbon supply with biosynthetic process 
involved in growth and development.

With the exception of vertebrates treha-
lose synthesis occurs in all organisms. The 
chemistry of trehalose as a non-reducing 
disaccharide suits a role as a carbon source 
and protectant molecule, a function which 

trehalose performs in invertebrates, fungi, 
prokaryotes and archaea.2 Sucrose, the 
other naturally occurring non-reducing 
disaccharide, performs this function in 
plants. Nevertheless, plants still synthe-
size trehalose, but in low micromolar 
concentrations. A new distinct, previously 
unknown function of the pathway appears 
to have developed early in plant evolution.3 
Clues to this function have been provided 
in mutant and transgenic plants, which 
show an indispensable role for the path-
way in the utilization of carbon and in 
growth and development.4 Until recently 
a mechanistic basis to explain this func-
tion was not known.

Inhibition of SnRK1 
by Trehalose 6-Phosphate 
Signals Carbon Availability

We recently showed that trehalose 6-phos-
phate (T6P) inhibits SnRK1 (SNF1-
related protein kinase1) of the family of 
calcium-independent serine/threonine 
protein kinases that includes AMPK of 
mammals and SNF1 of yeast.1 These con-
served kinases perform a fundamental role 
in transcriptional, metabolic and develop-
mental regulation in response to energy 
limitation and starvation of carbon source.5 
In Arabidopsis, SnRK1 has recently been 
found to affect the expression of a number 
of genes involved in metabolism, growth 
and development, in a role more exten-
sive than previously appreciated.6 We 
recently demonstrated that in transgenic 
plants expressing an E. coli T6P synthase 
gene (TPS, otsA) to elevate T6P, 97% of 
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walls. The degree of pectin demethyles-
terification affects the solidity of the cell 
wall which is important in growth and 
development; particularly physiological 
processes that require rearrangement of 
cell wall architecture such as root develop-
ment and stem elongation.12

Expression of UDP glycosyltransferase 
genes thought to be involved in the gly-
cosylation of hormones, including auxin, 
was induced (Table 1). Since glycosylation 
modifies the action of hormones,13 this 
provides a possible means through which 
carbon availability can be linked to hor-
mone signaling.

Light and Auxin Signaling are 
Involved in the Growth Response

In agreement with enhanced cell wall bio-
synthesis, seedling weight was increased 
in otsA-expressing Arabidopsis with high 
T6P content, especially in response to 
sucrose supply8 (Fig. 3A). Hypocotyls 
were thickened, most strongly around 
the base, and often shorter. In addition, 
otsA-expressing seedlings had epinastic 
cotyledons with thicker petioles and accu-
mulated anthocyanins (Fig. 3B). This 
phenotype is indicative of altered light 
signaling (Fig. 3B). It is thus not surpris-
ing that the expression of genes involved 
in light signaling and circadian rhythms 
was altered in seedlings with increased 
T6P (Table 1; Fig. 4). Statistical analysis 
using MapMan indicated that, in addi-
tion to genes with a role in light signal-
ing, genes involved in auxin response 
were differentially expressed. For exam-
ple, expression of the growth-promoting 
transcription factor gene Phytochrome 
Interacting Factor 4 (PIF4) was down-
regulated. PIF4 plays an important role 
in hypocotyl elongation in the shade 
avoidance response and during circadian 
growth.14 PIF gene expression is regu-
lated by the circadian clock15 while PIF 
proteins are inactivated by 26S protea-
some-mediated degradation in response 
to light. Gene expression of the 26S pro-
teasome, in particular of genes for AAA-
type ATPases, was upregulated, which is 
in agreement with the high-light pheno-
type of otsA. PIF4 may also be involved 
in auxin signaling as shown by the lack 
of induction of the auxin-inducible IAA29 

UDP-glucuronic acid, from which it is 
estimated that in Arabidopsis 50% of cell 
wall biomass is derived.10 We found that 
four UDPG dehydrogenases (UDPG-DH) 
genes which form UDP-glucuronic acid 
from UDPG were upregulated by T6P 
(Table 1, Fig. 2). These enzymes are 
tightly correlated with cell division and 
growth.10 In trees they are used as a marker 
enzyme for cambial meristem. Three 
UDP-glucuronic acid decarboxylases 
which form xylose from UDP-glucuronic 
acid and a UDP-xylose epimerase which 
forms xylose from arabinose were also 
upregulated, together with two glucuronic 
acid epimerases which catalyze formation 
of UDP-galacturonic acid and a rham-
nose synthase. In contrast, genes encoding 
enzymes that catalyze flux into mannose 
sugars were downregulated. There were 
small changes in cellulose synthases. A 
large number of changes were found for 
the cell-wall-modifying xyloglucan xylo-
glucosyl transferases (XET) which affect 
cell wall strength and flexibility. These 
changes are consistent with those observed 
in tps1 mutant embryos deficient in T6P 
where there was strong downregulation of 
genes encoding enzymes of cell wall bio-
synthesis.11 Interestingly, transcripts of ten 
pectin methylesterase/invertase inhibitor 
family protein genes were downregulated. 
The regulation of pectin methylesterases 
by these inhibitor proteins would poten-
tially affect the degree of pectin demethy-
lesterification as these enzymes catalyze 
the demethylesterification of the homoga-
lacturonan component of pectins in cell 

the SnRK1 marker genes that showed a 
statistically significant change compared 
to wild type changed in a manner to be 
predicted by inhibition of SnRK1 in vivo. 
Analysis of microarray data revealed regu-
lation of metabolic pathways and a general 
upregulation of biosynthetic processes 
by T6P.1 T6P levels have been shown to 
reflect sucrose content7 (Fig. 1) and to pro-
mote seedling growth on sucrose.8 These 
data fit a model where T6P content reflects 
sucrose supply and suggests that inhibi-
tion of SnRK1 by T6P enables the plant 
to activate processes that utilize carbon in 
growth and development.

Stimulation of UDP-Glucose  
Metabolism Links Trehalose 

6-Phosphate to Cell Wall  
Biosynthesis and Growth

Statistical analysis using the Wilcoxon test 
in MapMan9 demonstrated differential 
regulation of cell wall biosynthesis in otsA-
expressing seedlings. There were strong 
effects on genes encoding enzymes that 
utilize UDP-glucose (UDPG). UDPG is 
an important intermediate in plants as a 
direct substrate for cell wall and sucrose 
synthesis. In growing regions of plants 
that are receiving sucrose from leaves a 
major sink for UDPG is cell wall synthe-
sis. The cell wall of Arabidopsis consists 
of large amounts of hemicelluloses which 
contain xylose and galacturonic acid in 
particular, and pectin which consists of 
α-1,4-linked galacturonic acid units.10 
These are predominantly synthesized from 

Figure 1. T6P content in 7-day-old wild-type and otsA-expressing seedlings grown in half-strength 
MS medium as in1 with 15 mM (□) or 100 mM (■) sucrose. n = 4 with standard error of the mean.
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Table 1. Genes with altered transcript abundance compared to wild type in transgenic arabidopsis seedlings expressing the E. coli trehalose 
phosphate synthase gene otsA and containing elevated trehalose 6-phosphate

Gene code Up Gene code Down

Utilisation of UDPG for cell wall synthesis

UDP-glucose 6-dehydrogenase

At3g29360 
At5g15490 
At3g01010 
At5g39320

6.16 
6.11 
5.07 
3.77

UDP-glucuronic acid decarboxylase (xylose synthase)
At2g28760 
At3g62830 
At3g46440

4.16 
3.44 
2.26

UDP-D-xylose 4-epimerase At1g30620 2.64

UDP-glucuronic acid 4-epimerase
At4g12250 
At4g00110

2.24 
2.22

Rhamnose synthase At1g53500 2.52

UDP-glucose 4-epimerase At4g10960 2.92
At1g12780 
At1g63180

0.19 
0.24

Phosphomannose isomerase At1g67070 0.14

GDP-D-mannose 4,6-dehydratase At5g66280 0.23

GDP-D-mannose 3,5-epimerase At5g28840 0.49

Cellulose synthase
At1g24070 
At2g25540

2.29 
2.26

At1g23480 
At2g32540 
At2g35650 
At2g32530

0.37 
0.39 
0.47 
0.49

Other cell wall

Xyloglucan:xyloglucosyl transferase

At4g25820 
At4g30280 
At4g30290 
At1g65310 
At4g25810 
At4g13090 
At5g57560 
At5g57540

10.7 
8.15 
7.22 
6.72 
4.96 
4.30 
3.8* 
2.18

At5g65730 
At5g57550 
At4g03210 
At4g14130

0.07 
0.17 
0.40 
0.44

Invertase/pectin methylesterase inhibitor family 
protein

At5g20740 2.41

At1g14890 
At3g47380 
At1g47960 
At5g64620 
At5g62350 
At5g46980 
At4g25260 
At1g70720 
At4g12390 
At5g24370

0.30 
0.31 
0.34 
0.37 
0.38 
0.43 
0.43 
0.47 
0.48 
0.49

Hormone glycosylation

IAA/ABA
At1g05680 
At2g23260

10.4 3.13

Flavonol/flavonoid/anthocyanin
At2g36790 
At1g06000

14.7 
3.90

At5g65550 
At4g15260 
At1g30530

0.16 
0.25 
0.43

Zeatin (cytokinin)
At2g36750 
At1g22400

5.24 
2.10

At5g05860 0.44

Zeatin (brassinosteroid) At2g36800 3.07

ABA At2g31750 0.31

Sterol At3g07020 2.98

Glucosinolate At1g24100 2.60

*denotes a SnRK1 marker gene that changes in a direction opposite to that that would be predicted from inhibition of SnRK1 by T6P. Numbers in bold are 
SnRK1 marker genes according to Baena-Gonzalez et al. 2007.1
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Table 1. Genes with altered transcript abundance compared to wild type in transgenic arabidopsis seedlings expressing the E. coli trehalose 
phosphate synthase gene otsA and containing elevated trehalose 6-phosphate

Gene code Up Gene code Down

Hormone glycosylation (continued)

Light signaling

At1g49130 
At1g75540 STH2 

At3g19850 
At5g52250 

At3g26740 CCL 
At3g02380 COL2 
At1g18330 EPR1 
At5g37260 CIR1 
At3g45780 NPH1 

At5g17300 
At3g15570 
At1g14280 
At3g09150 
At5g66560 
At1g67900 
At5g67385 

At2g43010 PIF4 
At3g50840 
At3g22104 
At2g02950 

At4g31820 ENP 
At1g18810 

At4g37590 NPY5

0.08 
0.10 
0.10 
0.12 
0.12 
0.12 
0.12 
0.13 
0.14 
0.15 
0.16 
0.17 
0.21 
0.22 
0.25 
0.26 
0.27 
0.27 
0.27 
0.28 
0.29 
0.37 
0.42

Auxin response

At3g25290 
At1g59500 GH3.4 
At5g13320 GDG1 

At5g53590 
At1g17345 
At5g50760 
At3g09870 

At3g15540 IAA19 
At5g54510 DFL1 
At3g07390 AIR12 

At1g72430

4.44 
3.93 
3.04 
2.95* 

2.58 
2.40 
2.37 
2.29 
2.22 
2.21 
2.06

At4g27450 
At5g18020 
At5g27780 
At4g34800 
At4g38860 
At2g21210 
At3g15450 
At1g29440 
At1g29490 
At1g29500 
At5g18080 

At1g52830 IAA6 
At1g43040 

At2g22670 IAA8 
At4g12980 
At4g38840 
At2g22670 
At5g18050 
At5g18060 
At5g66260 
At1g29430 
At2g01200 

At3g04730IAA16 
At3g23050 
At2g28350 
At4g34790 
At5g57420 
At2g16580 
At5g18010

0.07 
0.10 
0.11 
0.11 
0.11 
0.14 
0.14 
0.16 
0.16 
0.16 
0.16 
0.18 
0.23 
0.25 
0.25 
0.27 
0.29 
0.32 
0.35 
0.38 
0.38 
0.40 
0.41 
0.41 
0.42 
0.43 
0.48 
0.49 
0.49

Auxin carrier
At2g17500 

At5g57090 AGR1
2.12 
2.11

At1g70940 
At1g76520 
At2g01420

0.19 
0.25 
0.29

Dormancy/auxin associated family protein

At2g33830 
At1g28330 
At1g56220 
At2g33830 
At1g56220 
At2g33830

0.14 
0.14 
0.15 
0.21 
0.28 
0.30

(continued).
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Figure 2. Synthesis of cell wall precursors from UDP-glucose. Changes in gene expression were analyzed using Mapman9 for Arabidopsis seedlings 
expressing the E. coli trehalose phosphate synthase gene otsA and containing elevated trehalose 6-phosphate. Blue denotes upregulation, red denotes 
downregulation.

Figure 3. (A) Fresh weight of seedlings of otsA-expressing plants with increased T6P (■), wild type (■) and otsB-expressing plants with decreased 
T6P (□) grown on 100 mM sucrose. (B) Phenotype of otsA seedlings.
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inhibiting the starvation response medi-
ated by SnRK1 and in the upregulation of 
genes involved in biosynthetic processes. 
Particularly significant for the regula-
tion of growth in Arabidopsis seedlings 
are effects on genes encoding enzymes of 
cell wall synthesis, which accounts for a 
major portion of carbon utilization. There 
were also effects on the expression of 
genes involved in auxin and light signal-
ing pathways that are implicated in plant 
growth and development. Overall these 
data suggest that T6P regulates growth 
in relation to sucrose supply by regulating 
biosynthetic reactions and through regu-
lating hormone signaling either directly or 
indirectly.
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