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Carbon signaling can override carbon supply in the regulation of growth. At least some of this regulation is imparted
by the sugar signal trehalose 6-phosphate (T6P) through the protein kinase, SnRK1. This signaling pathway regulates bio-
synthetic processes involved in growth under optimal growing conditions. Recently, using a seedling system we showed
that under sub-optimal conditions, such as cold, carbon signaling by T6P/ SnRK1 enables recovery of growth following
relief of the stress. The T6P/ SnRK1 mechanism thus could be selected as a means of improving low temperature toler-
ance. High-throughput automated Fv/Fm measurements provide a potential means to screen for T6P/ SnRK1, and here
we confirm through measurements of Fv/Fm in rosettes that T6P promotes low temperature tolerance and recovery
during cold to warm transfer. Further, to better understand the coordination between sugars, trehalose pathway, and
temperature-dependent growth, we examine the interrelationship between sugars, trehalose phosphate synthase (TPS),
and trehalose phosphate phosphatase (TPP) gene expression and T6P content in seedlings. Sucrose, particularly when
fed exogenously, correlated well with TPS7T and TPPB gene expression, suggesting that these enzymes are involved in
maintaining carbon flux through the pathway in relation to sucrose supply. However, when sucrose accumulated to
higher levels under low temperature and low N, TPS7 and TPPB expression were less directly related to sucrose; other
factors may also contribute to regulation of TPST and TPPB expression under these conditions. TPPA expression was not
related to sucrose content and all genes were not well correlated with endogenous glucose. Our work has implications
for understanding acclimation to sink-limited growth conditions such as low temperature and for screening cold-tolerant

genotypes with altered T6P/ SnRK1 signaling.

The regulation of plant growth is a complex, multifaceted
process. Plants assimilate carbon in photosynthesis and utilize
this in growth as environmental conditions permit. With the
exception of the light environment, sink processes that utilize
assimilate are more sensitive to environmental perturbations
than photosynthesis. It is clear that sugars not only provide car-
bon and energy for growth but also determine their own fate
through regulation of genes involved in the utilization of sugar
in growth. We have already shown the necessary involvement of
the trehalose 6-phosphate (T6P)/ SnRK1 mechanism in regu-
lation of growth in response to sucrose.! This system can be
perturbed through misregulation by trehalose feeding to elevate
T6P? and through transgenic modification of trehalose biosyn-
thesis genes® and overexpression of SnRK1.? More recently, we
showed that the T6P/ SnRK1 signaling mechanism is not only
necessary for seedling growth under optimal conditions but is
also necessary for recovery from stress. This was manifest in
the growth spurt that follows relief of low temperature through
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priming gene expression by T6P/ SnRK1 during cold for subse-
quent growth recovery following transfer to warm.*

Given our previous findings in the cold, T6P/ SnRK1 is
potentially a mechanism that could be selected for cold tol-
erance. A challenge is to find a means of rapid screening for
this in lines with different T6P contents and SnRK1 activities.
Chlorophyll fluorescence is a biological indicator of primary
productivity and can be used as a proxy of plant stress. A ratio
of variable to maximal fluorescence (Fv/Fm) can be calculated
that approximates the potential quantum yield of photosys-
tem 11 We wished to determine if growth regulation by T6P
after recovery from low temperature was also manifest in Fv/
Fm. We assess this using an automated plant phenotyping plat-
form.® Further, we wished to establish more clearly the inter-
relationship between sugars, cold, and trehalose pathway gene
expression in understanding growth responses and to determine
if sucrose accumulation under low temperature could account
solely for the cold induction of T6P content.
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Figure 1. Fv/Fm changes during cold treatment in plant lines with modified T6P con- required to elucidate all the factors that regulate

tent. Plants were grown in 12 h light, 22 °C, 70% humidity, transferred for 2 d to 10 °C, trehalose pathway gene expression and regulation of

then measured after 4 h recovery at 22 °C. Fv/Fm was measured with GROWSCREEN- | TGP content when sucrose accumulates under dif-
Fluoro.® n = 6-20 plants. Error bars indicate standard error. ferent conditions.

Decrease in Fv/Fm is more marked in ozsB than in ozs4
following exposure to and recovery from cold

Figure 1 shows Fv/Fm in the warm (22 °C) and cold (10
°C) for 2 d and then after returning to 22 °C. Fv/Fm clearly
decreases more in o#sB than in o#sA. otsB has lower T6P than
otsA."*¢ Therefore the impaired growth recovery already
observed® is also manifest in decreased potential quantum yield,
Fv/Fm. Therefore Fv/Fm could be used as part of a phenotyp-
ing platform as a rapid screen for cold tolerance in response to
changes in T6P/ SnRK1 signaling.

Regulation of trehalose pathway gene expression by sucrose

Given the involvement of T6P in growth response to tem-
perature changes, we wished to establish more about how low
temperature regulates trehalose pathway gene expression and
whether this could be entirely regulated by sucrose or whether
there were other potential low temperature inputs regulat-
ing trehalose pathway gene expression and T6P content. This
understanding is important for determining molecular genetic
approaches to modifying the trehalose pathway for cold tol-
erance. The only TPS enzyme unequivocally known to syn-
thesize T6P is TPS1, so we examined the interrelationship
between 7TPSI expression and endogenous sucrose levels. We
also analyzed the interaction between sucrose and 7PPA and
TPPB expression. These genes encode enzymes known to be
catalytically active in the trehalose pathway.” Our data show
a good interrelationship between sucrose and 7PS! expression
when sugars were fed exogenously, but not when sucrose con-
tent was altered by low temperature or by low N (Fig. 2A). It
may be that 7PSI transcript only increases up to a certain level
of sucrose or that other factors under low temperature and low
N also regulate 7PS1 expression. The interrelationship between
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Conclusion

The trehalose pathway is an important regulator of gene
expression in relation to growth in plants. We show that T6P
relates sucrose supply to growth under optimal and suboptimal
conditions including low temperature through regulation of
gene expression. At low temperature Fv/Fm reflects the growth
response of plants with altered T6P/ SnRKI1 signaling. This
could be used as a rapid screen for T6P/ SnRK1-induced changes
in cold tolerance. In terms of understanding T6P homeostasis
the regulation of T6P synthesis can be explained through regu-
lation of 7PSI gene expression by sucrose. However, under low
temperature and low N this interrelationship becomes nonlin-
ear suggesting a threshold level of sucrose for 7PSI transcript
or that other factors also regulate 7PSI gene expression under
low temperature and low N. Therefore, while sucrose, T6P, and
T6P/ SnRK1-dependent gene expression correlate well, changes
in TPSI expression can be explained only in part by changes in
sucrose; other factors as indicators of sink activity or stress may
also regulate 7PSI expression and TGP content at other control
points under low temperature and low N. Our work has implica-
tions for the improvement of adaption of crops to and recovery
from sink-limited growing conditions such as low temperature.
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Figure 2. Interrelationship between trehalose pathway gene expression, sucrose, and T6P in response to sugar feeding and sink-limiting treatments
that cause sugars to accumulate. (A) TPST (At1g78580) and sucrose (correlation for sugar feeding treatments, white symbols only, Pearson’s r = 0.972; P
< 0.001); (B) TPST and T6P; (C) TPPA (At5g51460) and sucrose (no correlation); (D) TPPA and T6P (no correlation); (E) TPPB (At1g78090) and sucrose (cor-
relation for sugar feeding treatments, white symbols only, solid line, Pearson’s r = 0.960; P < 0.001 and correlation for sugar feeding together with 10 °C
treatment, dotted line, Pearson’s r = 0.921; P < 0.001); (F) TPPB and T6P. Horizontal error bars are the SD of 3 independent sucrose or T6P samples, and the
vertical error bars are the SD of 3 independent qRT-PCR samples.
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