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Charting the influence of deuterium sources 
in hydrogen isotope exchange using a 
cobalt(III) catalytic platform
 

Sergio Barranco    1,2,4, Inbal L. Eshel    3,4, Jiayu Zhang1,2, Marco Di Matteo    1, 
Anat Milo    3   & Mónica H. Pérez-Temprano    1 

Directed hydrogen isotope exchange strategies have become an essential 
tool for accessing isotopically labelled organic scaffolds and interrogating 
the mechanisms of transition metal-catalysed C–H activation. However, the 
rationale behind deuterium source selection remains largely absent from 
the literature; an oversight that directly affects mechanistic interrogation 
strategies and hinders the development of new deuteration methodologies. 
Here we explore the influence of the deuterium source in base-assisted 
site-selective C–H deuteration reactions across a broad range of substrates 
using cobalt catalysis. We employ a synergistic combination of experimental 
studies and multivariable linear regression models based on proposed 
catalytic intermediates. Our findings demonstrate that the deuterium 
source can directly alter the operative mechanism, leading to distinct 
reaction pathways under different conditions. These results highlight 
previously overlooked complexity in hydrogen isotope exchange reactions 
and provide an example of how data-driven mechanistic analysis can expose 
subtle, reagent-dependent mechanistic shifts in catalytic behaviour.

Transition metal-catalysed hydrogen isotope exchange (HIE) bridges 
fundamental research and practical synthetic utility1–5. These reactions 
serve both as a mechanistic probe for studying the reversibility of C–H 
activation, and as an effective methodology for introducing isotopic 
labels into molecules relevant to medicinal chemistry6–8. Neverthe-
less, an elusive aspect of HIE is the suitability of a given deuterium 
source for a specific transformation. Even a close examination of the 
literature within the vibrant field of directed, base-assisted C–H activa-
tion, reveals an assortment of isotope sources across transition metal 
catalysis (Fig. 1a and Supplementary Table 1). This ambiguity led us to 
question whether hidden behind this deceptively simple transforma-
tion was a common yet overlooked pitfall—different combinations of 
conditions and substrates can trigger distinct mechanistic pathways.

Most experimental or computational mechanistic approaches are 
predominantly geared to explore the mechanism of a reaction using 

a model substrate9–13. However, we sought to develop an approach 
that could shed light on complex mechanistic landscapes forged by 
changes to substrates and reaction conditions. To this end, we turned 
our attention to linear free energy relationship (LFER) studies, which 
follow the influence of substituent effects on a reaction outcome14. 
The underlying assumption behind LFER is that as long as substrates 
follow a similar mechanistic route, a linear correlation can be identified 
between a molecular descriptor (for example, Hammett electronic 
values or Tolman cone angles) and the reaction outcome (for example, 
the yield or selectivity)15,16. In recent years, this idea has been extended 
to multivariable linear regression (MLR), wherein several molecular 
descriptors are required to describe the factors that influence a reac-
tion outcome17–24. Whereas descriptors are most often drawn from the 
structural properties of starting materials, in some cases meaningful 
correlations only emerge when features of key reaction intermediates 

Received: 11 January 2024

Accepted: 20 October 2025

Published online: 25 November 2025

 Check for updates

1Institute of Chemical Research of Catalonia (ICIQ), Tarragona, Spain. 2Departament de Química Analítica i Química Orgánica, Universitat Rovira i Virgili, 
Tarragona, Spain. 3Department of Chemistry, Ben-Gurion University of the Negev, Beer Sheva, Israel. 4These authors contributed equally: Sergio Barranco, 
Inbal L. Eshel.  e-mail: anatmilo@bgu.ac.il; mperez@iciq.es

http://www.nature.com/natcatal
https://doi.org/10.1038/s41929-025-01447-x
http://orcid.org/0000-0001-5489-7755
http://orcid.org/0000-0001-7839-1804
http://orcid.org/0000-0002-6921-2779
http://orcid.org/0000-0003-1552-8193
http://orcid.org/0000-0003-4815-7990
http://crossmark.crossref.org/dialog/?doi=10.1038/s41929-025-01447-x&domain=pdf
mailto:anatmilo@bgu.ac.il
mailto:mperez@iciq.es


Nature Catalysis | Volume 8 | December 2025 | 1306–1313 1307

Article https://doi.org/10.1038/s41929-025-01447-x

(Fig. 3). Under Condition A, we examined a series of 2-phenylpyridine 
derivatives, observing a broad functional group tolerance for both 
electron-donating and electron-withdrawing substituents at the phenyl 
para position (2–4). Compounds 5 and 6, which contain additional 
coordinating functionalities, are deuterated only at the position ortho 
to the pyridine-directing group, which is consistent with the strong 
coordinating effect of N-containing heterocycles. Steric hindrance at 
the ortho position (7) did not strongly affect the outcome, and modifi-
cations to the pyridine ring itself (8–10) preserved reactivity. We also 
evaluated the late-stage deuteration of biologically relevant molecules. 
The pyridine-containing antiretroviral drug atazanavir (11) afforded 
high deuterium incorporation in excellent yield.

For Condition B, we targeted aromatic aldehydes, using aniline as a 
transient directing group for in situ imine formation40,41. The transient 
role of aniline was confirmed by submitting the preformed imine of 
benzaldehyde (13), N-benzylideneaniline (12), to Condition B in the 
absence of aniline, which afforded the same deuterium incorpora-
tion as benzaldehyde. A diverse range of aromatic aldehydes were 
efficiently deuterated (13–26) under these conditions. Compound 20,  
which contains an aldehyde and pyridine group, was deuterated across 
all ortho positions. The same reactant under Condition A was uniquely 
deuterated at the positions ortho to pyridine (see compound 5). We 
note that the acetamido group of compound 19 did not facilitate iso-
tope labelling and only the positions ortho to the aldehyde were deuter-
ated. When 5-phenylthiophene-2-carbaldehyde (26) was subjected to 
Condition B, we only observed H/D exchange at the ortho positions of 
the carbonyl group, indicating that thiophene is not a suitable directing 
group under these conditions. Interestingly, in the absence of aniline, 
Condition B remained highly efficient for arenes containing strong 
N-based directing groups (substrates 27–46), which had shown limited 
reactivity under Condition A. These results include several pharm 
aceutically relevant heterocycles, such as pyrazoles and oxazoles, 
and the late-stage functionalization of the anti-inflammatory drug  
etoricoxib (45), as well as the arthritis medication oxaprozin (46).

Finally, we examined the compatibility of Condition C with a vari-
ety of amide derivatives, which are prevalent in medicinal chemistry42. 

are included25–31. Motivated by the idea that molecular descriptors from 
different reaction intermediates can more faithfully capture substrate 
behaviour in distinct reaction manifolds, we envisioned a strategy to 
explicitly evaluate divergent mechanistic pathways.

On the basis of this premise, in this work, we uncover mechanisti-
cally relevant pathways by analysing correlations between descrip-
tors from different plausible intermediates and the reaction outcome 
(Fig. 1b). Namely, we seek to ask whether multiple mechanisms could be 
operative in HIE using the most common inexpensive and convenient 
deuterium sources, such as D2O, CD3OD or AcOD-d4. Our approach, 
rooted in the comparison of reaction intermediates, reveals a com-
plex yet strong relationship between the substrate structure and the 
required deuterium source, revealing patterns inaccessible by intui-
tion alone. These findings suggest that the isotope source can act as 
a mechanistic trigger, eliciting distinct pathways depending on the 
substrate structure.

Results
Substrate chemical space
We initiated our investigation by establishing a catalytic platform tai-
lored to uncover the factors that govern hydrogen isotope exchange. 
Cp*CoIII complexes were chosen as an ideal model because they operate 
through a reversible C–H activation step32–34, enabling efficient H/D 
exchange across a wide array of directing groups and multiple deuterium 
sources35–39. We then evaluated its suitability for isotopic labelling using 
different deuterium sources on diverse scaffolds (Fig. 2). To this end, we 
targeted the following widely used directed C–H functionalization sub-
strates, 2-phenylpyridine (I), benzaldehyde (II) and acetanilide (III), and 
identified three optimized reaction conditions (Supplementary Tables 2–
4). Both 2-phenylpyridine (I) and benzaldehyde (II) underwent efficient 
H/D exchange using D2O as the deuterium source (Conditions A and B, 
respectively). By contrast, CD3OD provided the highest levels of deute-
rium incorporation for acetanilide (III, Condition C).

To construct a diverse dataset for statistical analysis, we selected 
substrates that would have practical relevance but would also provide 
a broad distribution of structural diversity and deuteration levels 
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Acetanilides bearing electron-donating or electron-withdrawing moi-
eties with different substitution patterns reached moderate to high 
degrees of deuterium incorporation (47–53). Sterically demanding 
groups connected to the carbonyl group proved to be beneficial for 
this transformation (54 and 55). A urea derivative (56) and monosub-
stituted amides (57 and 58) were compatible with our protocol. A clear 
decrease in deuterium incorporation was observed for disubstituted 
amides (59–62), but lactam 63, a cyclic disubstituted amide, afforded 
improved deuterium incorporation. Lastly, functional group compat-
ibility was tested in selected biologically active molecules containing 
challenging moieties, such as hydroxy or carboxylic acid motifs (64 
and 65).

Statistical analysis and mechanistic implications
In agreement with our results, the necessity of using different deute-
rium sources is also widespread in the HIE literature1–5. However, there 
are no studies focused on uncovering the mechanistic implications of 
the deuterium source on a given organic scaffold in base-assisted C–H 
deuteration. Thus, we sought to apply MLR models to correlate the 
structural features of scaffolds with their corresponding deuterium 
incorporation values43–45.

Initially, we attempted to produce models using molecular 
descriptors derived directly from substrate structures. However, these 
features led to poor correlations (Supplementary Fig. 3). As a result, 
we hypothesized that molecular descriptors produced from reaction 
intermediates could provide improved models and might better cap-
ture mechanistic distinctions between the tested condition sets (Fig. 4). 
The main setback towards extracting such molecular descriptors is 
the identification of catalytically relevant intermediates that could 
represent the mechanism of the studied reaction.

We viewed this challenge as an opportunity to develop a work-
flow based on sifting through correlations of features extracted from 
different plausible intermediates. This approach was based on the 
assumption at the crux of LFER studies that the best correlation with 
experimental results can enclose information regarding the relevant 
mechanistic pathway. By extending this assumption to reaction inter-
mediates, we aimed to address a gap in the application of computa-
tional chemistry to tease out experimental mechanistic information. 
Whereas density functional theory (DFT) studies play a crucial role in 
revealing complete reaction pathways for a single model substrate, 
our approach provides a view of the reaction mechanism landscape 
through the prism of a broad set of substrates. In this work, to probe 
the potential involvement of different D shuttles under our reaction 
conditions, we selected several plausible intermediates to test on the 
basis of previous mechanistic proposals for directed base-assisted 
C–H activation46–48.

Setting all the tested substrates in each of these intermediates, 
we performed ground-state DFT computations and extracted relevant 
molecular descriptors (Supplementary Figs. 4–30). A linear regres-
sion model search across the features of each of the seven proposed 
intermediates was conducted to identify the best-fitted correlation 
to the deuteration level in the three reaction condition sets (Fig. 4a). 
We note that for intermediates where ROD molecules participate, we 
computed both D2O and CD3OD options.

For Condition A, a predictive model was identified based on 
intermediate Int5water, where acetic acid is directly coordinated to the 
metal and the deuterium source (D2O) bridges the D transfer through 
hydrogen bonding. The model reveals a tight correlation between 
deuterium incorporation and three molecular features: the partial 
charge on an acetic acid oxygen atom connected to the metal centre 
(q1), the overall dipole of the intermediate (μtot) and the minimal width 
of the substrate (Sterimol B1). According to the normalized regression 
coefficients the most impactful features are the charge and the total 
dipole of the intermediate, indicating that electronic effects probably 
play an important role in determining deuterium incorporation. In 
addition, all the features are localized on either the acetate or sub-
strates, with the purely steric feature, B1, reflecting that the planarity 
of the substrates contributes to increasing deuterium incorporation. 
This model suggests that both acetic acid and water may be involved 
in the deuteration event in a cooperative deuterium transfer mecha-
nism. When comparing the two models stemming from Int5 for the 
results of Condition A, the structure containing water provided a more 
robust model compared to the one with methanol (Int5water: R2 = 0.88, 
Q2

LOO = 0.81; Int5methanol: R2 = 0.81, Q2
LOO = 0.64). These outcomes are 

consistent with the experimental observation that D2O is a more effec-
tive deuterium source under Condition A (Supplementary Table 2).

For Condition B, the model identified intermediate 3 (Int3water) 
as having the best fit with the experimental results. Similarly to the 
substrates under Condition A, we identified an improved fit for the 
intermediate containing water as a deuterium source, which, here too, 
agrees with the experimental results (Supplementary Table 3). The 
model reveals a correlation between deuterium incorporation and 
four molecular features: the partial charge on the hydrogen atom that 
bridges between water and acetate (q2), the difference in partial charge 
between the cobalt and the carbon undergoing deuteration (∆q3), the 
difference in partial charge between the water hydrogen atom and the 
oxygen of the acetate (∆q4) and the distance between the cobalt and 
directing group (d1). Here, similarly to Condition A, the features lean 
towards stronger electronic control of reactivity, with charge-related 
features being particularly dominant. The coefficients of the normal-
ized model are all similar in magnitude and the features are localized 
to either the substrate or acetate, yet, unlike Condition A, here the 
substrate features seem to be more electronic in nature.

Lastly, for Condition C, the model with the best fit to the experi-
mental results was Int2, in which acetic acid is directly coordinated to 
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the metal with no additional deuterium source included in the interme-
diate. The molecular features in this model include the partial charge on 
one of the ring carbons (q5), the overall dipole of the intermediate (μtot), 
the component of the dipole moment perpendicular to the benzene 
ring (μz) and the maximal width of the directing group (Sterimol B5). 
The normalized equation shows that μtot and Sterimol B5 are the most 
significant features, which indicates that this model leans toward steric 
control of deuterium incorporation compared with other conditions. 
Furthermore, the features are localized only on the substrates and not 
the acetate, unlike in Conditions A and B. In this model, the substrate 
is influenced by both steric and electronics features, and deuterium 
incorporation is increased when the width of the substrates’ direct-
ing group is minimized and the dipole moment and charge on the 
substrate increase.

In all three models, acetate or acetic acid is connected to the cobalt 
centre. However, for Conditions A and B, the best-fitting intermediates 
involve a well-orchestrated organization of the deuterium source, 
acetate/acetic acid and substrate around the metal centre. By contrast, 
the intermediate identified for Condition C, relies solely on acetic 
acid. Interestingly, Conditions A and B use water as their deuterium 
source, whereas Condition C requires methanol. Thus, the intermedi-
ates that correlate with the experimental results might imply that the 
primary role of water as a deuterium source is deuterium shuttling at 
the product-determining transition state, whereas methanol might 
have a distinct role.

Probing the mechanistic proposal
The superior performance of the model stemming from Int2 under 
Condition C, which only contains acetic acid, led us to speculate that 
methanol does not participate in the deuterodemetallation step, but 
rather facilitates a prior deuterium exchange. This proposal was sup-
ported by the fact that methanol’s increased miscibility in dichloro-
ethane (DCE) compared to water could endow it with the propensity to 
more easily transfer deuterium to acetate49. Indeed, under Condition 
C D2O leads to poor deuterium incorporation.

To test the hypothesis that under Condition C acetic acid might 
be the effective deuterating agent, we conducted experiments using 
AcOD-d4 with model substrates under each of the reaction conditions 
(Fig. 4b and Supplementary Tables 7–9). Gratifyingly, for acetanilide 
under Condition C, AcOD-d4 led to the same deuterium incorporation 
as CD3OD, supporting our hypothesis that acetic acid is the effective 
deuterating agent. By contrast, for 2-phenylpyridine under Condition 
A, AcOD-d4 led to a significant decrease in deuterium incorporation 
compared to D2O. This result fits well with the suggested intermediate 
Int5water, which requires the presence of both acetic acid and water to 
react in concert. Further supporting this hypothesis is the decrease in 
deuterium incorporation levels when switching from D2O to AcOD-d4 
for 1-phenyl pyrazole under Condition B, for which Int3water that con-
tains both an acetate and water provided the best fit.

Interestingly, this decrease under Condition B is much less pro-
nounced compared to the decrease under Condition A. We turned 
to the correlated models to seek an explanation for this difference in 
outcomes and specifically to the correlations under each of these con-
ditions with Int2, which only contained acetic acid. For Condition B the 
second best-fitted model corresponded to Int2 (R2 = 0.75, Q2

LOO = 0.63), 
whereas for Condition A this intermediate provided a poor fit (R2 = 0.68, 
Q2

LOO = 0.56; Supplementary Fig. 8). This result might suggest the exist-
ence of two competing pathways, which under Condition B are closer in 
energy and, therefore, could more easily be triggered by the presence 
of a different deuterium source.

Conclusions
The work discussed here seeks to unlock the untapped potential of 
reaction intermediate descriptors to reveal hidden mechanistic struc-
ture–function relationships. This approach is complementary to insight 

garnered by DFT computations, which often provide a detailed account 
of the full reaction trajectory for a model substrate, but are seldom 
extended to multiple substrates and conditions. By integrating this 
approach with detailed experimental data from base-assisted directed 
HIE reactions, we demonstrate that beyond simple differences in deu-
terium incorporation levels, the choice of deuterium source might 
lead to a mechanistic shift, highlighting the need to treat deuterium 
sources with caution in mechanistic studies.

Our analysis suggests that under Conditions A and B the deuterium 
source (D2O) participates directly in the deuteration step, whereas 
under Condition C isotope exchange with the deuterium source 
(CD3OD) probably occurs off-cycle. These mechanistic hypotheses 
were supported experimentally and illustrate the value of statistical 
models based on proposed reactive intermediates for uncovering hid-
den mechanistic complexity in catalytic reactions. Our findings reveal 
that the deuterium source can actively influence the reaction pathway, 
a factor that is critical for mechanistic interpretations, and which 
impacts reaction efficiency. Our work argues against assuming a single 
mechanistic pathway across substrates or metals and underscores 
the importance of evaluating multiple deuterium sources for each 
directing group. Furthermore, when employed in their non-deuterated 
form, these sources may mediate C–H bond cleavage when acting as 
solvents or additives. Therefore, the implications of this work extend 
beyond the specific catalytic system studied or HIE literature, as it 
reveals overlooked mechanistic distinctions that might be prevalent 
in organometallic catalysis.

Methods
Deuterium incorporations were determined by 1H NMR using D1 = 1 s 
when taking aromatic signals as reference. For the two examples (59, 
62) in which aliphatic signals need to be taken as reference, D1 = 50 s 
was used. Isolated yields were calculated taking into consideration 
the deuterium incorporation in the final product. Cross-validation of 
the deuterium incorporation with HRMS was performed in 13 selected 
examples across the three reaction conditions.

Standard procedure for Condition A
Cp*Co(CO)I2 (11.9 mg, 0.025 mmol, 10 mol%) was charged into a 5 ml 
crimped vial and transferred to a glovebox, where KOAc (4.9 mg, 
0.05 mmol, 20 mol%), AgSbF6 (17.2 mg, 0.05 mmol, 20 mol%), substrate 
(0.25 mmol, 1 equiv. (note: if the substrate is a liquid, it was added after 
the solvent)) and DCE (0.5 ml) were added. The vial was crimped, taken 
out of the glovebox and D2O (112 µl, 6.25 mmol, 25 equiv.) was added 
through the septum of the cap. The mixture was stirred for 2 hours at 
50 °C. The crude was purified by column chromatography employing 
a AcOEt:hexane (1:1) mixture as eluent.

Standard procedure for Condition B
Cp*Co(CO)I2 (11.9 mg, 0.025 mmol, 10 mol%) was charged into a 5 ml 
crimped vial and transferred to a glovebox, where Cu(OAc)2 (4.5 mg, 
0.025 mmol, 10 mol%), AgSbF6 (17.2 mg, 0.05 mmol, 20 mol%), sub-
strate (0.25 mmol, 1 equiv. (note: if the substrate is a liquid, it was added 
after the solvent)) and DCE (2.5 ml) were added. The vial was crimped, 
taken out of the glovebox and aniline (4.6 μl, 0.05 mmol, 20 mol% (note: 
only added for substrates that are aldehydes)) and D2O (45 μl, 2.5 mmol, 
10 equiv.) were added through the septum of the cap. The mixture 
was stirred for 2 hours at 100 °C. The crude was purified by column 
chromatography employing a AcOEt:hexane (1:5) mixture as eluent.

Standard procedure for Condition C
Cp*Co(CO)I2 (11.9 mg, 0.025 mmol, 10 mol%) was charged into a 5 ml 
crimped vial and transferred to a glovebox, where Cu(OAc)2 (4.5 mg, 
0.025 mmol, 10 mol%), AgSbF6 (17.2 mg, 0.05 mmol, 20 mol%), sub-
strate (0.25 mmol, 1 equiv. (note: if the substrate is a liquid, it was added 
after the solvent)) and DCE (5 ml) were added. The vial was crimped, 
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taken out of the glovebox and CD3OD (102 μl, 2.5 mmol, 10 equiv.) 
was added through the septum of the cap. The mixture was stirred for 
2 hours at 100 °C. The crude was filtered through a celite and silica pad. 
Deuterium incorporations were determined by 1H NMR spectroscopy 
of the crude.

Mathematical modelling
All substrates were modelled in a conformation directing the hydrogen 
and directing group in the same orientation. Substrates were computed 
using the M06-2X functional with the def2-TZVP basis set. Reaction 
intermediates were computed using the M06-2X functional with the 
6-31g(d) basis set. For each intermediate, a set of computations was cre-
ated, each time with a different substrate according to the experimental 
scope. After geometry optimization, features were extracted for each 
intermediate–substrate pair under each condition, and the resulting 
dataset was used to generate linear regression models. Feature extrac-
tion and modelling were performed using the moleculaR50 package in R.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the main text or Supplementary Information,  
or are available from the authors upon request. The datasets (in .csv 
format), .xyz files and the corresponding results are openly avail-
able via Zenodo at https://doi.org/10.5281/zenodo.17086123 (ref. 51)  
and via GitHub at https://github.com/Milo-group/Deciphering_HIE_ 
Multiple_Pathways.
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All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional, 
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Study description quantitative experimental, mixed-methods case study). 

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic 
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For 
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to 
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a 
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and 
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, 
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and 
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample 
cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the 
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, 
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
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Access & import/export compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants
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