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Trehalose 6-phosphate (T6P) is an endogenous sugar signal in plants that
promotes growth, yet it cannot be introduced directly into crops or fully
genetically controlled. Here we show that wheat yields were improved using
atimed microdose of a plant-permeable, sunlight-activated T6P signaling
precursor, DMNB-T6P, under a variety of agricultural conditions. Under
both well-watered and water-stressed conditions over 4 years, DMNB-T6P
stimulated yield of three elite varieties. Yield increases were an order of
magnitude larger than average annual genetic gains of breeding programs
and occurred without additional water or fertilizer. Mechanistic analyses
reveal that these benefits arise from increased CO, fixation and linear
electron flow (‘source’) as well as fromincreased starchy endosperm volume,
enhanced grain sieve tube development and upregulation of genes for
starch, amino acid and protein synthesis (‘sink’). These data demonstrate a
step-change, scalable technology with net benefit to the environment that
could provide sustainable yield improvements of diverse staple cereal crops.
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Abstract

Trehalose 6-phosphate (T6P) signalling regulates carbon use and allocation and is a
target to improve crop yields. However, the specific contributions of trehalose phos-
phate synthase (TPS) and trehalose phosphate phosphatase (TPP) genes to source- and
sink-related traits remain largely unknown. We used enrichment capture sequencing
on TPS and TPP genes to estimate and partition the genetic variation of yield-related
traits in a spring wheat (Triticum aestivum) breeding panel specifically built to cap-
ture the diversity across the 75,000 CIMMYT wheat cultivar collection. Twelve phe-
notypes were correlated to variation in TPS and TPP genes including plant height
and biomass (source), spikelets per spike, spike growth and grain filling traits (sink)
which showed indications of both positive and negative gene selection. Individual
genes explained proportions of heritability for biomass and grain-related traits. Three
TPSI homologues were particularly significant for trait variation. Epistatic interac-
tions were found within and between the TPS and TPP gene families for both plant
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Increasing T6P at the start of grain filling 10 DAA Yield increased +18% in
controlled environment
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L';Le‘;ﬂ?;g' Field testing in agricultural environments at CIMMYT and at INTA Argentina

Partnership

Research to Deliver Wheat for the Future
Table 51. Spraying treatments of DMNB-T6P spray used in Argentina and Mexico. In Argentina three
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volumes (dose rates) of 1 mM DMNB-TEP were used in 2021 and 2022; two volumes in 2018 and 2020,

' compared to control. In Mexico, dose 2 volume was used with 0.5, 1 or 2 mM DMNB-TGEP.
Follow on Fund

Per 7 m? plot DMNB-T6P DMSO per Water  Tween 20 per
per plot (g) plot (ml) per plot per plot (ml)
for 1 mM final (ml)

concentration

Dose 1 (year 3, 4 only) Total volume 0.167 3.60 216 0.22
220 ml
Dose 2 (year 1-4) Total volume 438 0.332 7.3 430 0.44
mil
"Dose 3 (year 1-4) Total volume 656 050 109 644 066
mi
“Control (year14) 0 91 538 054

Total volume 547 ml




Irrigated plots
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DMNB-T6P applied 10 DAA
Exceptin 2021 at 16 DAA
(late delivery due to covid)

Plots 7 m long 7 rows spaced 20 cm. Central rows
harvested for grain yield.

Randomised complete block design

Elite Argentinian spring wheat bread-making varieties
Buck Saeta, DM Ceibo and MSINTA 415.

Phosphorus, sulphur and nitrogen fertilisation was performed using super triple phosphate
(20% P), calcium sulphate (18% S) and urea were applied at planting at a rate of 100 kg
ha=%; N fertilization was estimated by summing pre-plant soil N test as nitrates at 0-60 cm
depth (PPNT) plus N added as fertilizer to reach 140 kg N ha™! as urea-ammonium-nitrate
(32% N). N rates were 130, 119, 77 and 101 for year 1, 2, 3 and 4 respectively. Soil organic
matter was 2.3% in year 1, 2.5% in year 2, 2.6% in year 3 and 1.9% in year 4 whereas pH
was 5.5, 6.1, 5.9 and 5.8 in the four years, respectively.

Rain-fed plots

Over 4 years

Field trials were
conducted at
National Institute of
Agricultural Research
(INTA) Oliveros
Research Station,
Santa Fe Argentina




Argentina has variable rainfall
(wet and dry years)
with wheat yields close
to global average
of 3.6 tonnes per ha
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1T mM DMNB-T6P spray
applied at 10 DAA
Exceptin 2021 (16 DAA)
At different volumes (doses)

Window of 10-16 DAA
for application
of DMNB-T6P

Average for 10 DAA treatment
=+10.4% yield increase

Grain Yield (kg ha ")

2018(Wet) 2020(Dry)
6000 = ] : = 6000
Ly Py
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+12.7% +9.30%
4000 = 4000
3000 = ' - = 3000
L] ’
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2000 = = 2000
DMCeibo
2021(Wet) 2022(Dry) MSINTA415
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6000 = 1 g = 6000
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+4.7% +9.26%
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Applied at 16 DAA ol s
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Control Dose 1 Dose2 Dose 3 Control Dose 1 Dose 2 Dose 3
Treatment
Year Residual df Treatment Genotype Genotype:Treatment Combined analysis over all 4 years
2018 | 34 p=0.00011 | p>01 p>0.1 using a mixed model framework fitted
2020 | 24 p=0.065 p>0.1 p>0.1 with restricted maximum likelihood
2021 33 p = 0.035 p = 0.00014 p=>0.1 p<0.001
2022 33 p=0.010 p = 0.092 p>0.1




Both grain number and grain size contribute to yield increase with DMNB-T6P

100% =

75% =

50% =

% contribution to grain yield

25% =

0% =

DMCeibo =
MSINTA415 =
Saeta =

Genotype



control +DMNB-T6P control +DMNB-T6P

+16% Grain number +13% Grain size
more yield more yield



Protein (%)

107

Grain protein was not diluted in the higher yielding crop
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T6P enhances sieve tube development in grain
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Summary of main findings
* Wheatyield increased in wet and dry years, average +10.4%
(Wheat yield change globally over course of study (2018-2022)
+0.49% per year)
* Yield potential and resilience combined
* No need for extra fertiliser
Sustainable yield increases per unit water and fertiliser 'ﬁf;‘. .
Overcoming recalcitrant trade-offs *W i,
* Protein content of grain not diluted in higher yielding graJ \Q
* Both grain size and number increased TS




Points of interest

* T6P can deliver more yield by regulating genes
already there in elite varieties

* What currently holds back starch and protein
biosynthesis?

* Whatis currently holds back photosynthesis?

Need to understand source-sink regulation better
And regulation of starch and protein synthesis.

Starch synthesis previously thought to not limit
yield

* No tradeoff between starch and protein grain
number and size because T6P is a metabolic
regulator that links sink with source to deliver
more photosynthate to avoid competition for C
between pathways within and between grain

* Resilience comes from increasing sink strength
in grain and increased photosynthesis over a
limited period during grain filling

* T6P pathway not yet optimized through
breeding
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Trehalose 6-phosphate (T6P) is an endogenous sugar signal in plants that
promotes growth, yet it cannot be introduced directly into crops or fully
genetically controlled. Here we show that wheat yields were improved using
atimed microdose of a plant-permeable, sunlight-activated T6P signaling
precursor, DMNB-T6P, under a variety of agricultural conditions. Under
both well-watered and water-stressed conditions over 4 years, DMNB-T6P
stimulated yield of three elite varieties. Yield increases were an order of
magnitude larger than average annual genetic gains of breeding programs
and occurred without additional water or fertilizer. Mechanistic analyses
reveal that these benefits arise from increased CO, fixation and linear
electron flow (‘source’) as well as fromincreased starchy endosperm volume,
enhanced grain sieve tube development and upregulation of genes for
starch, amino acid and protein synthesis (‘sink’). These data demonstrate a
step-change, scalable technology with net benefit to the environment that
could provide sustainable yield improvements of diverse staple cereal crops.
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Abstract

Trehalose 6-phosphate (T6P) signalling regulates carbon use and allocation and is a
target to improve crop yields. However, the specific contributions of trehalose phos-
phate synthase (TPS) and trehalose phosphate phosphatase (TPP) genes to source- and
sink-related traits remain largely unknown. We used enrichment capture sequencing
on TPS and TPP genes to estimate and partition the genetic variation of yield-related
traits in a spring wheat (Triticum aestivum) breeding panel specifically built to cap-
ture the diversity across the 75,000 CIMMYT wheat cultivar collection. Twelve phe-
notypes were correlated to variation in TPS and TPP genes including plant height
and biomass (source), spikelets per spike, spike growth and grain filling traits (sink)
which showed indications of both positive and negative gene selection. Individual
genes explained proportions of heritability for biomass and grain-related traits. Three
TPSI homologues were particularly significant for trait variation. Epistatic interac-
tions were found within and between the TPS and TPP gene families for both plant
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protein-coding genes. It helps determine if
a gene is under purifying selection (where
mutations are removed), or under positive
selection (where mutations are favoured).
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HiBAP
Represents a broad range
of CIMMYT germplasm

Gene-based mapping of trehalose biosynthetic

pathway genes reveals association with source-

and sink-related yield traits in a spring wheat
panel

Food and Energy Security, Volume: 10, Issue: 3, 07 May 2021,

DOI: (10.1002/fes3.292)

Circle forms encoded by
different colours represent
genes detected by sequence
kernel association test (SKAT),
optimized SKAT (SKAT-0O) and
multiple linear regression
(MLR) models. Gene-trait
association detected using
minor allele frequency

(MAF) > 0.01. Significance level
used is Bonferroni correction
(no asterisk, a = 0.05) and False
Discovery Rate (with asterisk,

a = 0.05). Circles overlapping
each other represent multiple
models detecting the same
gene. Only genes and traits on
which significant associations
were detected are shown in the
figure.
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T6P pathway associated

with reproductive development

Gene trait associations

Reproductive traits

Spikelets per spike

Spikelet fertility

Spikes m2

Rapid spike growth phase
(determines final grain number)
Percentage of grain filling PGF

(number of days between anthesis

and physiological maturity)

Danilo Lyra
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