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T6P/ SnRK1, a major regulator in plants

The biosynthetic route for the synthesis of trehalose in plants is through a low flux pathway that leads
to the accumulation of micromolar amounts of trehalose 6-phosphate (T6P) and trehalose when
sucrose is available. T6P accumulates in proportion to sucrose (Lunn et al., 2006) as an indispensable
regulator of carbohydrate utilisation (Schluepmann et al., 2003). At least some of the indispensability
of T6P and its profound and widespread effects on growth and development can be explained through
T6P inhibition of the protein kinase, SnRK1 (Zhang et al., 2009) a central regulator of responses to
carbon and energy status. Through T6P/ SnRK1 growth and development are regulated in line with
sucrose availability through large-scale regulation of gene expression which includes derepression of
anabolic growth processes when carbon is available (Zhang et al., 2009). In crops there are several
emerging cases where T6P/ SnRK1 can be modified to alter carbon use and allocation to improve yield
in field conditions (Paul et al., 2020). The most successful route through which T6P has been modified
for yield and resilience so far genetically has been by altering trehalose phosphate phosphatase (TPP)
activity. Ectopic expression of a TPP enzyme in maize reproductive tissue using a MADS6 promoter
increased grain numbers in the field especially under drought (Nuccio et al., 2015). Altered distribution
of sucrose away from pith towards developing grain was associated with altered expression of SWEETs
and prevented abortion of grain under drought (Oszvald et al., 2018). In sorghum it was found through
genetic crosses of sweet and grain sorghum that a bZIP transcription factor elevated TPP expression
which underpinned the large differences in height of stems and accumulation of carbohydrates within
stems of sweet and grain sorghum (Paul et al., 2020). A TPP gene in rice was found to underlie a QTL
for germination under flooded conditions through better mobilisation of starch reserves likely through
SnRK1 providing promise in the development of direct-seeded rice (Paul et al., 2020).

NAC23 transcription factor regulates T6P, sucrose levels and yield in rice

A recent study by Li et al. (2022) has found another way to modify T6P/ SnRK1 through TPPs. In rice
the sugar-inducible transcription factor, NAC23, was found to repress TPP1 thereby increasing T6P
levels. Interestingly, the paper found a feedforward loop whereby SnRK1, an antagonist of NAC23,
was inhibited by the extra T6P accumulated resulting in even stronger repression of TPP1.
Overexpressing NAC23 and hence driving the feedforward loop NAC23-TPP-T6P-SnRK1 increased
allocation of sucrose away from leaves towards grain resulting in +13-17% higher yield due to more
panicles and higher 1000-grain weight in the paddy-field-grown rice. There are several novel aspects
of this work. Firstly, the paper provides new insight on the regulation of T6P levels through a sugar-
inducible transcription factor, NAC23, that represses TPP1. NAC23 represents a new part of a
previously unknown mechanism of regulating T6P levels, although a similar transcription factor in
Arabidopsis, TAF1, has been implicated in altering T6P content but decreasing T6P seemingly through
increasing trehalase rather than TPPs (Garapati et al., 2015). Detail has been lacking up until now of
the mechanism through which sucrose induces T6P levels. The large effects exerted through TPP1
suggest a strong level of sugar control of T6P concentration at the TPP catalytic step. Expression of
TPSs and other TPPs was also affected by NAC23 so there could be other effects of the pathway on
T6P mediated by NAC23 other than through TPP1. But nevertheless TPP1 seems most affected by
NAC23 in rice. Secondly, the work confirms large effects on whole plant sucrose allocation of
modifying the T6P/ SnRK1 regulatory network. Thirdly, photosynthetic rate of leaves was increased.
Whether this was a direct effect on photosynthesis or an effect of altered source-sink which increased



photosynthesis is unclear. However, it confirms Oszvald et al. (2018) that changing sucrose allocation
through T6P increases leaf photosynthesis which further implicates T6P as a source-sink integrator. So
far, modifying T6P has been a far more successful way of improving photosynthesis than direct
targeting of photosynthesis itself, although ectopic expression of Rubisco has shown promise in paddy
rice (Yoon et al., 2020). A fourth point is that trehalose levels were decreased in the higher yielding
rice plants due to a decrease in TPP activity which does not appear to be detrimental. However, plants
were grown in paddy field conditions with no exposure to drought where trehalose accumulation
particularly in chloroplasts could function as a ROS scavenger. Nevertheless the change in sucrose
allocation towards seeds could in itself protect against drought as observed in Nuccio et al. (2015) and
a decrease in trehalose may not matter.

Strategies to modify T6P signalling for yield

Li et al. (2022) highlights that there may be multiple ways to modify T6P signalling for yield. Targeting
NAC23 may be particularly successful because it results in promotion of a feedforward loop to alter
whole plant sucrose allocation driving T6P inhibition of SnRK1 which also regulates NAC23.
Interestingly expression of NAC23 is driven constitutively, a blunt instrument, but works in this case.
An earlier study (Garg et al., 2002) using constitutive expression to drive a dual TPS-TPP construct also
worked in rice, but this work does not appear to have been taken further. For such a powerful signal
as T6P genetic modification has had the challenge of effective targeting of transgene with the right
promoter e.g. Nuccio et al. (2015) where only one was successful out of many different constructs
tested. Whether NAC23 provides an easier route to transgenic development of T6P modification more
widely remains to be seen. Currently it is difficult to predict what will happen when T6P levels are
changed. As can be seen in Figure 1 an increase in T6P levels as a consequence of overexpressing
NAC23 changes sucrose allocation towards grain in rice, but so does decreasing T6P in maize as a
consequence of overexpressing TPP1, where sucrose allocation is changed away from pith tissue
towards developing seeds. Spatial and developmental context are key for T6P. It may be possible to
work this out in different transgenic strategies.

Natural genetic variation linked to traits is another way forward for where a TPP gene
underpinned a QTL for anaerobic germination (Paul et al., 2020). Lyra et al. (2021) showed both
historic and ongoing selection of TPS and TPP genes in wheat and links to 12 traits. TPPs crossed from
exotic germplasm could provide opportunity to improve grain number and filling (Lyra et al., 2021) as
a way to continue successes from targeting TPP genes through transgenic approaches. Additionally
analysis of SNPs and genetic variation and their link to traits can direct strategies for gene editing of
selected TPS and TPP genes and combinations as there are epistatic interactions between TPSs and
TPPs (Lyra et al., 2021).

Another approach is through chemical intervention where T6P precursors are applied to
crops. This shows promising results in glasshouse (Griffiths et al., 2016) and field (unpublished).
Additionally such compounds can be used to interrogate mechanism and downstream T6P response
networks that could be selected for yield.

In summary, Li et al. (2022) adds to the ever growing success story of altering T6P to improve sucrose
allocation for yield in crops. This is because T6P orchestrates changes in sucrose allocation that link
source and sink to improve yield. Future prospects for T6P appear excellent as the T6P mechanism has
not yet been optimised for yield exemplified in several studies (Paul et al., 2020; Lyra et al., 2021) and
here again in Li et al. (2022) through a novel mechanism. Given the emerging successes in modifying
T6P for yield beyond what has already been achieved through domestication and breeding future
prospects targeting T6P through different strategies to improve yield and food security under a range
of environments are very promising.
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Figure 1. Targeting trehalose phosphate phosphatase (TPP) through different strategies. (A)
Expression of NAC23 transcription factor in rice decreases TPP expression and increases T6P in leaves
increasing whole plant carbon allocation towards grain increasing yield in field conditions. Leaf
sections showing iodine staining for starch which is decreased relative to wild type reflecting increased
carbon allocation to grain. (B) Ectopic expression of TPP with MADS6 promoter in maize decreases
T6P in pith and developing florets which results in more sucrose movement into developing florets
from pith tissue increasing photosynthesis of leaves. A cross-section of the cob shows expression of
MADG-TPP in vasculature of pith and grain.
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