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Abstract (222 words)

The natural '*C abundance (5'C) in plant leaves has been used for decades with great
success in agronomy to monitor water use efficiency and select modern cultivars adapted
to dry conditions. However, in wheat, breeding also implies looking for genotypes with
high carbon allocation to spikes and grains, and thus with a high harvest index and/or low
carbon losses via respiration. Finding isotope-based markers of optimal carbon
partitioning to grains would be extremely useful since isotope analyses are inexpensive
and can be performed routinely at high throughput. Here, we took advantage of a set of
field trials made of more than 600 plots with several wheat cultivars and measured
agronomic parameters as well as 8'°C values in leaves and grains. We find a linear
relationship between the apparent isotope discrimination between leaves and grain
(denoted as Adcorr), and the respiration use efficiency-to-harvest index ratio. It means that
overall, efficient carbon allocation to grains is associated with a small isotopic difference
between leaves and grains. This effect is explained by post-photosynthetic isotope
fractionations, and we show that this can be rationalised by equations describing the
carbon isotope composition in grains along the wheat growth cycle. Our results thus show
that 13C natural abundance in grains has some potential to help finding genotypes with
better carbon allocation properties and assisting current wheat breeding technologies.
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Introduction

The quantitation of stable carbon isotopes (!2C, '*C) is currently a major technology for
crop cultivar selection and authentication of food products, representing a huge market in
fraud detection and quality assessment (Kelly et al., 2005). In particular, the natural *C
abundance (or isotope composition, §'3C) is used routinely to probe photosynthetic
pathways (C3, C4, CAM) and thereby certify the origin of many food products consumed
worldwide, such as flavours (Remaud & Akoka, 2017) (e.g., vanillin) and beverages
(Santesteban et al., 2015) (e.g., wine). In Cs plants like wheat, the natural isotope
composition in plant organic matter is *C-depleted by c. 20%o compared to atmospheric
CO2 while C4 plants are *C-depleted by c. 4%o only.

In Cs crops, 8'°C is crucial to screen water-efficient cultivars by taking advantage
of the linear relationship between the isotope discrimination during photosynthesis (A)
and water use efficiency (WUE) (Condon et al., 1987; Condon et al., 1990; Condon et
al., 2004). Photosynthetic isotope discrimination essentially comes from two main steps:
First, the strong isotope effect (29%o) associated with COz fixation catalysed by ribulose
1,5-bisphosphate carboxylase/oxygenase (Rubisco); Second, the small isotope effect
(4.4%0) by CO: diffusion from the atmosphere to leaf mesophyll cells (Farquhar ef al.,
1989). It has also been demonstrated recently that internal conductance of CO:2 (from
intercellular spaces to chloroplasts) also affects significantly the estimation of intrinsic
WUE (iWUE) from carbon isotopes (Ma et al., 2020). In water-efficient cultivars, the
generally lower stomatal conductance and/or higher photosynthetic capacity are so that
CO2 diffusion is relatively more limiting and thus the isotope discrimination A is low,
causing a general '*C-enrichment in plant matter. As a result, the §'*C value in vegetative
material (typically flag leaf in wheat) directly reflects leaf photosynthetic properties and
can thus be used as a biomarker to find cultivars with high WUE values (Condon et al.,
2004). This technique has been widely and successfully implemented in wheat and other
species since the eighties because *C/!>C analyses are rapid and inexpensive using
current elemental analysis/mass spectrometry devices (Sanchez-Bragado et al., 2020).

Nevertheless, although leaf &'°C reflects photosynthetic performance and
associated water usage, it does not provide information on other parameters that are
essential for yield (Y) such as the harvest index (HI). In wheat, high-performing cultivars
are generally associated with higher tiller number, a high grain number per spike, and
relatively high HI (Sinclair, 1998; Reynolds et al., 2012; Quintero et al., 2018). In other
words, grain properties and carbon allocation to grains is a fundamental aspect of wheat
breeding that cannot be accounted for with current §'3C analyses in vegetative material.
The question thus arises as to whether the isotope signature of grains, which are readily
amenable for biochemical analyses and cultivar ranking unlike fastidious and expensive
flag leaf sampling at anthesis, can be used to gain direct information on Y or HI. About
20 years ago, relationship was found between Y or HI and grain §'3C (8'*Cgrain) but this
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was mostly driven by changes in iWUE, i.e., stomatal conductance and photosynthetic
capacity (Merah et al., 2001a; Merah et al., 2001b; Merah et al., 2002). Whether '*Cgrain
can be exploited further to give access to agronomic parameters other than photosynthesis
or WUE has never been addressed.

In particular, variations in 8'*Cgnin can be anticipated because of metabolic
isotope discriminations in grain biomass synthesis and/or respiratory COz2 loss (so-called
"post-photosynthetic" isotope fractionations). Post-photosynthetic fractionations are
generally so that heterotrophic organs are *C-depleted compared to leaves (Badeck et al.,
2005; Cernusak et al., 2009). In addition, there is an isotope discrimination during
metabolic decarboxylation and respired CO: is often naturally '*C-enriched in leaves and
BBC-depleted in heterotrophic organs (Bathellier et al., 2017). Conversely, vegetative
plant organic matter is mostly made of cellulose, which is generally '*C-enriched
compared to photosynthetically fixed carbon (Gleixner ef al., 1993; Schmidt & Gleixner,
1998; Kodina, 2010). At the metabolic scale, it has been shown that the intramolecular
BC distribution (§'3C values at the different C-atom positions) in wheat grain starch is
dictated by isotope effects in metabolism and partitioning between starch production and
glycolysis (Gilbert et al., 2012). Similarly, at the plant scale, variations in carbon
partitioning to grains at the expense of respiratory COz loss or vegetative organic matter
likely cause changes in §'*Cgrain due to isotopic mass-balance.

Here, we exploited a dataset of 8'°C values and agronomic variables (such as
biomass, N content, yield, grain weight, consumed water, etc.) obtained in winter wheat
grown in the field, across different sites (Table | and Fig. S1), representing a total of 644
field plots and 70 cultivars. We also developed new equations describing the isotope
composition in grains as a function of carbon allocation parameters, HI or Y. We find
that the leaf-to-grain carbon isotope discrimination relates to the respiration use
efficiency-to-HI ratio. The observed relationship depends on neither the cultivation site
nor irrigation and thus offers good potential for allocation-based cultivar selection using
8"3Cgrain values.
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Material and methods

Cultivation

Three series of randomized block field experiments (Fig. SI and Table 1) were
undertaken at different locations, with different cultivars and varying water availability,
irrigated to maximal evapotranspiration, and non-irrigated (rainfed). Experiments
followed cultivation of wheat or other crops (sunflower, pea, rapeseed) as mentioned in
figures, on calcareous or clay substratum depending on the site considered. Crop
development was typical of French climatic regions with sowing in October-November,
seedling establishment in November, visible stem extension (growth stage Z30) at the
end of March or beginning of April, anthesis at the end of May and harvest maturity in
July.

Measurement of agronomic parameters

Experimental plots measured between 6 and 12 m? across experimental sites. Destructive
measurements (above-ground biomass and nitrogen content at Z30, Z65 and maturity,
leaf sampling at anthesis) were performed on a dedicated additional plot in each block,
with 2-3 biological replicates per plot. Non-destructive measurements (plant and spike
density at heading (Z55) and anthesis (Z65)) were carried out using the plot dedicated to
final harvest. Final yield was measured at the plot level using an experimental combine.
Grain parameters were measured as in (Touzy et al, 2019). Grain samples from the
combine harvester was used to measure plot grain weight, grain humidity at harvest,
grain protein content, specific weight. Grain yield, grain number per m?, grain number
per spike and grain weight per spike were calculated. At Saint-Pierre d’Amilly (VAR
site), actual soil water content was measured at Z30, Z65 and harvest using a soil neutron
probe (at 1.8-m depth) and water content variations between measurement dates were
used to monitor crop water consumption. At other sites (BPA, BVG), water balance was
followed using soil properties, meteorological data and actual irrigation when applicable.

Isotopic analyses

Isotopic analyses were done using oven-dry material ground in fine power and weighted
in tin (*C) or silver ('30) capsules. Samples were analysed using an isotope ratio mass
spectrometer Isoprime (Elementar, France) coupled to an elemental analyser (Carlo-Erba,
Italy) run in combustion (**C) or pyrolysis (}%0). Delta value accuracy was checked using
IEAE standards USGS-40 (glutamic acid) and IAEA-CH7 (polyethylene) and IAEA-602
(benzoic acid) (**C) and ANU sucrose (home standard) ('*O) every 10 samples. Isotopic
analyses were carried out by facilities Plateforme Métabolisme Métabolome (France) and
ANU Stable Isotope Laboratory (Australia). Delta values are expressed with respect to V-
PDB (*C) and V-SMOW ('80), in %o. Climatic parameters used for computations
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(temperature) was from Meteo France stations. 8'%0 values in precipitation in the regions
considered are from the database Nucleus (IAEA).

Theory and calculations

Notations and assumptions. The isotope composition (8'°C value) is denoted as 8. Second
order terms are neglected and thus, if the isotope fractionation of a given biochemical
process is denoted as A then the isotope composition of the product Jproduct is equal to
Osubstrate — A. Symbols associated with carbon amounts are illustrated in Fig. S2. The
decomposition in carbon flow and three different stages (pre-anthesis, early grain filling,
late grain filling) in Fig. S2 is from model III in (Gent, 1994). Symbols associated with
isotope compositions and fractionations are listed in Table S1. The term “isotope
fractionation” refers to the change in delta value related to the observed isotope effect IE
(*2C/*3C ratio of velocity) as follows: fractionation = IE — 1. That way, the fractionation is
positive when against the heavy (!*C) isotope. Here, for simplicity, we assumed that
fractionations associated with reserve establishment (pr), respiration (eg, em) and grain
biomass synthesis () did not vary between stages. We also neglect denominators (o + 1)
which are assumed to be equal to unity (that is, we neglect second-order terms, see
above).

Flux mass balance. Carbon balance is applied to C amounts as follows:

Stage 1: A1 = Vi1 + Vs + Rgi and Vi1 = B1 + Rmi (1)
Stage 2: A2=Vrn+ G+ Rgpand Vi =B2+ g2 + Rm2 (2)
Stage 3: A3 = Vi3 + Rgz and Vi3 + B3 = g3 + Rm3 3)

Harvest index. The harvest index (HI) is defined as the ratio of grain biomass to total net
biomass, which gives, using amounts of carbon:
grain carbon g g

net total carbon  £4-ER, -XR, V +AB+Xg

where g =G + g + g3, 24 = A1 + A2 + A3, ZRg = Rg1 + Rg2 + Rg3, ZRm = Rm1 + Rm2 +
Rm3, and AB = B1 + B2 — Bs. In principle, carbon remobilization is so that AB = 0, that is,
Bi1 + B2 = Bs. This assumption will be used here. Also, Vs and g are given by straw and

grain carbon amounts, respectively.
Isotopic mass balance. The isotopic composition of photosynthetically fixed carbon (Jfix)

must be equal to the weighted average of isotopic compositions of sink compartments
(which account for fractionations) and thus, at stage 1:

A16fix1 = Vrl(éﬁxl —pr) + Vs(8ﬁx1 —ps) + Rgl(8ﬁx1 - €g) (5)
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where pr, ps and eg is the isotope fractionation associated with reserves establishment,
structural biomass construction and growth respiration, respectively. Similarly, isotopic
mass balance on metabolism leads to:

V1(8tix1 — pr) = B10B1 + Rm1(0B1 — em) (6)

By substitution, the isotope composition of the metabolic reserve pool, ds1, can be
calculated as:

_ \/1 (Sﬁxl B pr ) + leem
Sy, = (7)
B, +R,,

The same procedure was applied to stages 2 and 3. For stage 2, it leads to:
V, (Sﬁx2 2 ) +g,8+R e,

B,+g,*R,, (8)
In stage 3, we have:
\A (Sﬁx3 2 ) +B,d,, +2,8+R e,

g+ R ;

8132 =

5, = ©)

where £ is the isotope fractionation during grain biomass synthesis. While there is some
variations depending on the organ considered, CO: respired by heterotrophic organs is
generally *C-depleted (Ghashghaie & Badeck, 2014; Bathellier et al., 2017) and thus
across the full wheat life cycle, overall respiratory fractionation (emg used thereafter) is
likely positive and different scenarios (from 2.5 to 4%o) are shown in Fig. 4 in main text.
In our study, the fact that eg > 0 is further supported by the fact that grains are '3C-
enriched, in agreement with the possible difference in sign between /S and eg when Vi2/ Vi3
is small (equation 13 below). The isotope fractionation in structural biomass synthesis is
negative (favours *C) due to the fact that straw is cellulose-rich and cellulose is naturally
3C-enriched. In wheat, it has been shown that straw and straw cellulose is *C-enriched
by up to 3% compared to flag leaf at anthesis (Merah et al., 2002; Kodina, 2010). In
numerical applications, we thus used ps = —3%o.

By definition, the isotope composition in grains is the weighted average of contributions
of the different sources, and therefore:
agrain _ 2,05, +8505; +Gdy, iy (10)

g, +tg, +G

Substituting (7), (8) and (9) in (10) gives:
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: 8ﬁx3

1-
8yrain = g2 +g3¢ : Bl 'Sﬁxl + g2 +g3¢ . Vr2 +g . 6ﬁx2 + —g3 ( w)
g g B, +V, g

xg B, +V, Xg
_pr_(g2+g3¢+g3(1—¢)j+ﬂ_(g2+g3¢), g & & _1]

2g 2g 2g B, +V, g B;+V,
BR (11)
1" ml 4 Rm2
‘e - g2+g3¢).Bl+le +§. R
g B, +V, g B,+V,

where ¢ = B3/(B3 + Vi3). (11) can be simplified using relationships obtained from mass
balance on fixed carbon (with amounts Az and As3) that are such that:

pr=-Rgeg/Vi3 (12)

S =eg'(-Rg2 + VioRg3/Vi3)/G (13)

Also, the sum of coefficients in front of dfix1, dfix2 and dfix3 in (11) equals 1 and thus we
can simplify notations using the weighted average isotope composition of fixed carbon
(8fix). Then we obtain:

2
£, g:9
(g, +2:0) +25 -3¢
5 —<5 >+&. R 2218 | g Vr2_R ) " B+ V, B,
grain ~ \ " fix Y 23 3 g}V 2 G
g g r3

(14)

+€_m. le'i—i_Rmz 'M+Rm3'ﬁ
g B,+R_, B,+V, B,
Equation (14) can be abbreviated as follows:

R, R
6grain =<6ﬁx>+eg.<2—;_>+em'<2—;> (15)

where (Rg) and (Rm) represent growth and respiratory sums, corrected for carbon
allocation to grains as described by parentheses in (14).

Of course, (dfix) is not very convenient since it is a weighted average and furthermore, it
cannot be measured routinely by isotopic online gas exchange in the field. Therefore, it is
more useful to use the isotope composition of leaves (vegetative material). Here, we used
the isotope composition of leaves at anthesis, where tissues are made of structural
material and metabolites (reserves) and are generated up to the end of stage 1/onset of
stage 2 (Fig. S2). The weighted average of reserves and structural material produced
during stage 1 (full vegetative phase up to anthesis) is given by:
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§ - d5,B, +(8ﬁx1 _ps)Vs
leaf Bl +VS
which gives, using (7):

(16)

R
8leaf:6ﬁx1_{—em.ﬁe_z)s.(l_e) (17)

1 ml

Where 6 is allocation to reserves at stage 1, equal to B1/(B1 + Vs). If we assume that drix1
~ (dfix), we have:

R R R
6I%rain_aleafZ< m>.em+< g>.eg_ = H.em+ps'(1_0) (18)

xg xg B, +R
If the respiration use efficiency calculated with respect to net fixed carbon (not gross
assimilation) is denoted as RUE", then (18) can be abbreviated using (4) to:

*

RUE R
O, . —0, .~ e — n_f.e +p -(1-6 19
grain leaf HI mg B1 + le m ps ( ) ( )

Where emg stands for the average fractionation in respiration (growth, maintenance).

(19) simply says that the isotope composition in grains is the result of carbon partitioning
and as such, can be considered (due to mass balance) as reflecting the carbon material left
behind by the action of fractionations in respiration and structural vegetative biomass. If
the leaf-to-grain difference is denoted as A9, (19) can be rewritten as:

A, =A8—-((6,p)~ RUE ey, (20)
where
((0,p)= —&Q-em +p,-(1-0) and A8 = dgrain — Slear

B, +R

1 ml

Also in (19), it should be noted that the order of magnitude of the different terms differs.
Fractionations emg, em and ps are of a few per mil. The middle term multiplies two
quantities smaller than 1, § and Rm1/(B1 + Rm1), and thus it is of minor importance. Since
RUE" is of the order of 0.6-0.8 and HI of about 0.5 in wheat, the first and third terms
predominate numerically in (19). Further information is provided in the Supplementary
Text on estimating RUE", # and Rm1/(B1 + Rm1). RUE" was estimated from biomass
increment and %N using two methods, which gave essentially the same results (Fig. S3).

Estimation of 0'3C values in leaves. While measuring the carbon isotope composition in
grains is easy because it just requires sampling upon final harvesting, having §'*C values
of leaves at anthesis is much more demanding, both financially and in personnel.
Therefore, we explored the possibility to reconstruct the average §'°C value in leaves
from (i) observed agronomic variables via machine learning conducted by multivariate

9
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analysis OPLS (Eriksson et al., 2008; Eriksson et al., 2013); (i) the 'O value observed
in grains. These two methods are presented in the Supplementary Text. Method (i)
involves multivariate statistics which were performed with Simca® (Umetrics, Sweden).

Statistics

Univariate statistics and linear regressions were done in R and with Sigmaplot®. Tests
used and significance levels are indicated in figure-e legends.
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Results

Relationship with yield

As expected, there was a negative linear relationship between §'3Cgrin and yield (Fig. 1),
whereby low-yielding plots were up to 3%o enriched in *C compared to high-yielding
plots. In fact, grain carbon inherits photosynthetically fixed carbon and thus is '*C-
enriched when stomatal closure is more pronounced in non-irrigated field plots and in
turn restricts isotope discrimination (blue vs. grey points in Fig. 1). This is further
illustrated with isolines that showed that the expected generic relationship between yield
and 83 Cgrin was positive, while its slope increased considerably as stomatal closure
increased (dashed lines). Interestingly, the relationship between §'°Cgrain and yield was
not influenced by field site showing that wheat cultivars did not differ enormously in
their physiological response to environmental conditions.

Prediction of 6'3C in leaves

To extract valuable information on grain properties from &'*Cgrain, we then used the
isotopic difference between grain and leaves (Ad), i.e., the apparent grain-to-leaf
discrimination. Based on wheat phenology and carbon allocation pattern (see Theory and
calculations in Materials and Methods), we anticipate a generic relationship between AJ,
respiratory loss (R¢) and yield (Y) as (equations 18-19):

R
ASzY‘-emg+€(9,p) (1)

where emg is respiratory (growth + maintenance) isotope fractionation and ¢ (6,p)
combines the carbon allocation coefficient to reserves (0) and post-photosynthetic
fractionation in structural biomass (straw) production (p). This equation can be rewritten
using HI as follows (equation 20):
RUE"

HI e
where RUE" is the net carbon-based respiration use efficiency. Note this equation is
written in such as way to make proportionality apparent between Adcor and RUE/HL
However, applying (21) and (22) implies prior knowledge of the §'*C value in leaves.
This is not something that can be done routinely in the field unlike isotope analysis of
grains, which are sampled anyway during harvesting. We thus explored three methods to
obtain 8"Clear (Table 1). In the first dataset (VAR), leaves were sampled and §'*Cicar was
thus measured. In the second dataset (BPA), 8'°Ciear was reconstructed from agronomic
parameters using machine-learning (OPLS multivariate analysis with 8'°C as the

AS, . =AS— f(@,p) ~ (22)

quantitative objective variable). In the third dataset (BVG), §!°Cicar was estimated from
the natural '30 abundance in grains (calculations explained in Supplementary Text). This
method took advantage of the rather well-conserved 8'%0 difference between leaves and
grains, of 2.9%o (Fig. 5a)
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Outputs of the multivariate analysis are provided in Fig. 2. The statistical model
was trained with dataset 1 (VAR). It was highly significant (Pcv-anova = 1.7x107),
robust (R? = 0.68; Q* = 0.51) and representative (Q?*[intercept] = —0.33). There was a very
strong relationship between predicted and observed &'°Ciar values, with a slope
extremely close to unity (0.9998) (Fig. 2a). The role played by the different variables is
shown using a volcano plot, representing the variable importance for the projection (VIP)
against the loading (pq) (Fig. 2b). In such a representation, the most important drivers
have a VIP value above unity and a high loading. 8'*Ciear appeared to be most influenced
by the previous crop species and N-related traits (red and turquoise points), suggesting a
strong effect of nitrogen availability. Multiple linear models are then carried out and
similarly, showed the importance of the previous crop species, N-related traits in addition
to yield (Fig. 2¢). The statistical model was then implemented to calculate §'3Ciear at the
second site (BPA). The average was found to be —27.9%o, with values up to about —25%o
and 90% of values being between —27%o and —29%. (Fig. 2d).

813Ciear values computed from 8'"8Ognin at the collective site 3 (BVG) are
presented in Fig. S5. The applicability of this method was first checked by comparing
observed and computed values at site 1 on different cultivars (Fig. S5b). Average
observed and computed §'3C values were found to be consistent, by about 1%, and
calculations were thus implemented at site 3.

Leaf-to-grain isotope difference

The uncorrected leaf-to-grain §'°C difference is shown in Fig. 3. Grains were always
found to be '*C-enriched compared to leaves, showing the occurrence of a post-
photosynthetic fractionation. Such a fractionation was comprised within 0 and —4%eo
(negative sign since it was in favour of '*C in grains), except at site 3 were it reached
10%0. As expected from equation 21, there was a negative hyperbolic relationship
between Ad and yield, which fell into the region where the respiratory loss represented
about 200 dt CO2 ha™! (isolines in Fig. 3) at both sites 1 and 2 (VAR, BPA). Also, AS was
affected by irrigation, with smaller post-photosynthetic fractionation (=1%.) under
irrigation and high yield, reflecting the impact of water limitation on isotope allocation to
grains. Although in the same graphical region, dataset 3 (BVG) was more scattered due to
the much higher imprecision in 8'3Cleat estimated from '8 Ograin.

Also, undesirable noise in the relationship between A and yield may have come
from reserve remobilisation and variations in biomass allocation. Therefore, we looked at
the relationship between corrected AS (Adcorr) and the ratio RUE"/HI (equation 22). At
both sites (VAR and BPA), Adcorr fell within a narrow region delimited by isolines
obtained with different respiratory isotope fractionations (from 2.5 to 4%o) (Fig. 4a-b). It
formed a significant linear relationship with RUE"/HI (dash-dotted black line). This
relationship was not examined using dataset 3 (BVG) since biomass, %N and growth data

12
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were not available and thus RUE”™ and A8corr could not be estimated. Interestingly, data
points obtained under irrigated and non-irrigated conditions partly overlapped and were
in the same region of the graph, with no significant isotope offset, and thus appeared to
be on the same relationship.

Possible links to grain properties

Under our conditions, the relationship between Adcor and RUE/HI was probably not
driven by differences in grain specific weight (GSW, mass per grain volume) since no
difference was found between conditions in GSW (Fig. 4c and 4f). It suggests that
changes in carbon allocation reflected by RUE" and HI were not associated with different
grain size but rather changes in total grain set per plant. There were differences in straw
or grain nitrogen (%N) across conditions (Fig. 4d, e, g and h). Since the nitrogen content
was also a determinant of 8"*Ciear (see above), N assimilation and remobilisation thus
appeared to be an important parameter in Adcorr typically via both photosynthetic capacity
and grain metabolism.
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Discussion

Our results show that the apparent isotope fractionation between leaves (at anthesis) and
grain (at maturity), Adcorr, correlates to parameters associated with respiration use
efficiency (RUE") and harvest index (HI) in wheat. In addition to giving information on
isotope biochemistry beyond photosynthesis (i.e. on grain production itself), it suggests
that Adcorr 1s a potentially useful marker to trace carbon partitioning carbon utilisation. In
fact, the RUE"-to-HI ratio reflects C allocation: the larger the ratio, the higher the
respiratory loss and/or the lower the grain relative biomass fraction. In what follows, we
address this point by discussing causes of the leaf-to-grain isotope fractionation and
possible limitations in using Adcorr.

Origin of the relationship between grain isotope fractionation AScorr and RUE"/HI

The relationship between Adcorr and RUE/HI (Fig. 4) is a consequence of respiratory loss
and biomass production, which are accompanied by isotope effects (represented by
fractionation factors emg and p in equations). In practice, this suggests that highly
performing wheat plants are naturally less '*C-enriched due to a lower relative impact of
respiration and higher commitment to biomass synthesis, thus minimizing apparent, post-
photosynthetic isotope fractionations.

The proportionally lower respiration in highly performing wheat lines has
effectively been observed experimentally (McCullough & Hunt, 1989). Of course, our
interpretation of variations in Adcorr is somewhat simplified since parameters other than
emg and p participate in equations (such as partitioning to reserves, ¢) and furthermore,
equations (18-22) are a simplification (i.e., require approximations, see also discussion
below). This probably explains part of the noise present in Fig. 4, along with variation in
emg itself. Still, it is striking that nearly all of the datapoints are within the graphical
region defined by emg =2 and 4%o (Fig. 4).

The fact that carbon partitioning translates into changes in Adcor is also likely
associated with changes in nitrogen partitioning: First, '*Ciear was found to depend on
leaf N content and availability (Fig. 2); Second, some changes were observed in grain or
straw N content between conditions (Fig. 4); Third, nitrogen availability has a well-
known effect on carbon partitioning (including the shoot-root ratio) and respiration in
wheat (Pearman et al., 1981; Cox et al., 1986; Hay, 1995; Sinclair, 1998; Kichey et al.,
2007; Allard et al., 2013). In our case, wheat plots were fertilised at relatively similar
levels (c. 200 kg ha™') which are commonly used under ordinary culture conditions (200
kg ha'! is the average value compiled by the FAO, www.fao.org). In other words, Adcorr
would probably appear to be less strongly related to RUE*/HI if fertilisation regimes had
been extremely different between sites or plots (for example, no fertilisation at all and
more than 250 kg N ha').
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Importantly, the relationship between Adcorr, RUE*/HI did not depend much on
water relations. In effect, while the response of §'*Cgrain to yield was mostly driven by
water availability and thus conductance and thus photosynthetic conditions as in (Merah
et al., 2001a; Merah et al., 2001b) (Fig. 1), irrigation had a rather small effect on the
relationship between Adcorr and RUE™/HI, all data points being apparently on the same
line (Fig. 4). For example, under oceanic climate (site VAR), the average offset between
irrigated and non-irrigated conditions was c. 0.7%o0 only (Fig. 4a) and was statistically
insignificant. In other words, although non-irrigated conditions impacted on overall
allocation to grains and thus the harvest index, there was little effect on fractionation
factors and as a result, datapoints followed the same relationship as that found under
irrigated conditions. Accordingly, drought conditions have effectively been shown to
have little effect on metabolic discriminations, in particular in respiration in other crops
(Duranceau ef al., 1999; Ghashghaie ef al., 2001).

Pros and cons of the theoretical background used here

The theoretical background used here to obtain a relationship between Adcor and
RUE"/HI (equations 20 and 22) implied several approximations. We assumed that
reserves accumulated during first stages are remobilised at later stage with minimal left
overs of unused carbon reserves (AB = 0 in equation 4). This assumption is likely not
critical since wheat straw is effectively very poor in non-structural carbohydrates (and
protein) [for a recent overview, see (Wang et al, 2020)] showing very efficient
remobilisation. Also, isotopic labelling has shown that up to 94% of available protein and
water-soluble carbohydrates are effectively used for grain filling (Gebbing ef al., 1999).
We further assumed that leaves sampled at anthesis were representative of fixed carbon
(accounting for biomass and reserves deposition, equation 16). This assumption was
driven by technical imperatives because the true value of the weighted average of fixed
carbon, (dfix), 1S not accessible. It is probably not too critical since reserves accumulated
during the vegetative stage have a high contribution to grain carbon, of up to 50%
(Schnyder, 1993; Gent, 1994; Gebbing et al, 1999). In addition, if photosynthetic
properties of leaves were to vary significantly (with typically lower ci/c. during
summertime), it would mean that the isotope composition of fixed carbon up to anthesis
would be slightly *C-depleted compared to (8fix). This isotopic difference would add in
the intercept of the relationship in (19) and Fig. 4, not in the slope, and therefore the
correlation between Adcor and RUE/HI would remain valid, with some noise due to
variations in (dfix). In other words, our assumption (dfix) = dfix1 probably explains some of
the scattering but cannot explain the linear relationship in Fig. 4. It is also possible that
the small offset between irrigated and non-irrigated conditions (blue vs. grey points in
Fig. 4) was explained by this effect. That said, the '*C-enriching effect of dry conditions
in summer must be compensated for by the '*C-depleting effect of refixation of CO2
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respired by glumes, which has a non-negligible contribution to grain organic matter
(Araus et al., 1993; Gebbing & Schnyder, 2001). Taken as a whole, variations in overall
photosynthetic isotopic input are probably not huge and cannot alter the relationship
described here.

We also recognise that although convenient, equation (22) is an abbreviated
formulation of the full expression describing post-photosynthetic processes (compare
equations 14 and 15 and compare 15 and 19). Nevertheless, the abbreviated final
equation (22) allows application with readily accessible variables in the field. Taken as a
whole, a generic respiratory fractionation (here denoted as emg), which encapsulates
weighted maintenance and growth respiration parameters, seems to be sufficient to model
Adcorr. In addition, the apparent value of emg adapted to linear fitting (2.5 to 4%o) (Fig. 4,
coloured lines) indicates that at the plant scale (above-ground organs), respiratory
metabolism yields '*C-depleted CO2. The generation of '*C-depleted CO2 is a general
feature in heterotrophic organs of Cs plants (Klumpp et al., 2005; Bathellier et al., 2009;
Ghashghaie & Badeck, 2014; Bathellier et al., 2017).

Potential utilisation of the relationship between Adcorr and RUE"/HI

The observed robustness of the relationship between Adcorr and RUE"/HI (with respect to
water availability and sites) is essential to envisage potential applications. In fact, having
low values of the ratio RUE"/HI reflect minimal respiratory losses (low RUE") and/or
good allocation to grains (high HI), and is thus beneficial. That is, selecting for low Adcorr
values could thus help finding cultivars with better performance in carbon partitioning to
grains. This would be of prime interest for current strategies to get higher yield in wheat,
which include an increase in HI and minimization of carbon losses by respiration
(Reynolds et al., 2012). Also, HI appears to condition responsiveness to high CO2
(Aranjuelo et al., 2013) and is thus of importance under current conditions of global
change. In the recent past, considerable efforts have been devoted to biometrics, QTL or
GWAS to identify key markers associated with yield or harvest index (Reynolds et al.,
2017; Quintero et al., 2018; Pradhan et al., 2019; Rivera-Amado ef al., 2019; Porker et
al., 2020). In addition, domesticated high-yielding dwarf varieties with changed carbon
(as well as nitrogen and sulphur) allocation, show changes in grain specific weight
(Casebow et al., 2016) although the trade-off between grain number and specific weight
seems to depend on environmental conditions (Quintero et al., 2018).

Future studies are warranted to determine whether the isotope difference Adcorr
can be used as an advantageous trait for breeding, since (i) it encapsulates a complex
carbon allocation parameter (RUE'/HI) that is not accessible otherwise, and (ii) the
A8cor-RUE/HI relationship changes minimally with growth conditions. When §'*Ciear at
anthesis is not available to compute Adcorr, our study further suggests it can be estimated
with multivariate analysis or §'%0. It is now well-accepted that there is good heritability
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459  of 12C/13C isotope composition not only in leaves but also in grains (Merah ef al., 2001a).
460  Taken as a whole, we suggest that interesting allocation properties can be accessed via
461  Adcorr, which gives direct information on events during grain filling and thus may help
462  isotope-based implementation of genotype selection.
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Table 1. Summary of agronomic properties of cultivation sites. Average temperature and precipitations are associated with the growing and maturation season
(March-June). Plant density was within 200-300 m™ in all parcels. Sowing date was Nov 1% (VAR), 17" (BPA) and at various dates in the second half of October
(BVG).

Abbr.  Name Climate Av. temp. Prec. Previous crop Fert. No. of No. of Isotopes
(°O) (mm) (kgN/ha) parcels  cultivars

Field site 1

VAR Saint Pierre d’ Amilly ~ Oceanic 134 283 Rapeseed or 200 87 8 313C, 5'80 measured in both
(France) pea grains and leaves

Field site 2

BPA Gréoux les Bains Supramediterranean  14.4 156 Sunflower 210 379 70 8'3C measured in grains, 8'3C in
(France) leaves simulated by machine

learning

Collective field site 3

BVG Various (France, Various (oceanicto  11.4-13.9 180-250  Sunflower, 180-220 178 38 8!3C and 8'%0 in grains; §'3C in
Hungary) mediterranean) wheat or pea leaves reconstructed from §'%0 in
grains

22



——— gg=025

——— 9g5=0.20
——— gg=0.15
——— gg=0.12
——— gg=0.10
gs = 0.08 . .
Non-irrigated, rapeseed (VAR)/no frost (BPA) [ J Irrlga_te_d, other (Aisne, Essonne and Gers, France)
[ Irrigated, rapeseed (VAR)/no frost (BPA) Non-irrigated, other (Gers, France, and Hungary)
° Non-irrigated, pea (VAR)/frost (BPA) ® Irrigated, other (Provence, France)
) Irrigated, pea (VAR)/frost (BPA) ® Irrigated, pea (Charentes, France)
2 (a) Oceanic site (VAR) - (b) Mediterranean site (BPA) - (c) Collective sites (BVG)
/ g ,
-24 J -24 + -24
/
s s
e
= e _
£ _op | ) pd 26 4 -26 -
og’ 26 . ee‘. - 26 26
° ePRr
v P _
28 - e - > 28 28
T /S e .Q ® -28 - 28 -
/ s - _ ~ _
e - - o _
- ~
v _ - - .
-30 T T T T T T T -30 T T T T T T T -30 + T T T T T T —T

50 60 70 80 90 100 110 120 130 50 60 70 80 90 100 110 120 130 30 40 50 60 70 80 90 100 110 120 130

Yield (dt grain ha™) Yield (dt grain ha™) Yield (dt grain ha™)
Fig. 1. Carbon isotope composition in wheat grains, expressed in absolute V-PDB scale as a 3'*C. Wheat was cultivated under oceanic (VAR,
a), Mediterranean (BPA, b) climatic conditions or across different sites (BVG, c). Wheat was grown under irrigated or non-irrigated plots, used
previously to grow pea or other plants, and experiencing occasional frost or not (BPA). §'*C values are plotted against yield, in decitons grain (at
standard 15% humidity) per hectare. Isolines stand for expected linear relationship using the simplified photosynthetic model of isotope
fractionation, with different values of average stomatal conductance g (in mol m? s') (equation S11 in Supplementary Material). Note that all
data points are not on the same isoline due to variations in average stomatal conductance across growth conditions, however, the relationship
between 6'°C and yield is similar across sites.
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Fig. 2. Statistical analysis of 6'3C in leaves using dataset 1 (VAR) (a-c) and application of the multivariate model to
dataset 2 (BPA) to predict 8'3C values (d). (a) Output of the OPLS model showing the correlation between predicted
and observed §"°C values. The maximum error made by the model is 1%o (red arrow). Dashed line, regression line (y =
0.9998 x — 0.00518; P<0.001; R? = 0.68). (b) Volcano plot showing the most important variables using the loading value
(pg, x-axis) against the variable importance for the projection (VIP, y-axis). Different colours are used to distinguish the
types of agronomic variables (see legend). The dashed horizontal line stands for the usual threshold value used in
multivariate analyses (VIP = 1). (c) Output of multiple linear models (sampling of 7 variables amongst 33 variables)
showing the distribution of R? values. The four best variables are the previous crop, the N content in straw and in leaves at
stage Z30 and the nitrogen nutrition index (NNI) at Z30 (arrowheads). The left lane corresponds to the grey scale. (d)

Spectrum of predicted 5'"°C values in leaves for the Mediterranean site (BPA) using a frequency graph, where the average
value was found to be —27.9%o (red).
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Fig. 3. Uncorrected 3'°C difference between grains and leaves, AS. Same legend as in Fig. 1. §"°C value in grains was measured and the §'°C
value in leaves was either measured or estimated from multivariate modelling or observed 8"*Ogin (Table 1). Isolines represent the reciprocal

relationship with yield (Y = Xg) and total respiration (R;) (equation 21), with p = —3%eo, emg = 3%0 and different values of total respiration R; (in
decitons CO; per hectare).
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Fig. 4. Corrected isotope leaf-grain difference Ad. and physiological properties of grain
and straw in wheat cultivated at sites 1 (VAR) and 2 (BPA) (same symbols as in Fig. 1). (a,b)
Adcorr plotted against estimated respiration use efficiency-to-harvest index ratio, RUE'/HI.
Colored lines stand for isolines (expected proportionality relationships) with respiratory
fractionation eng equal to to 2.5, 3 or 4%.. Dashed-dotted line, linear regression, which is
significant (P<0.0001) with R* = 0.48 (a) and 0.61 (b). (c,f) Grain specific weight, in kilograms
per hectoliter. (d,g) Grain protein content, in % weight. (e,h) Nitrogen elemental content in straw.
Letters stand for statistical classes (ANOVA, P<0.01).
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