Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Threshold proline decline predicts coordinated
stomatal—-non- stomatal recovery in soybean after
drought rewatering

Sergio Da Silva
Stellenbosch University

Ashwil Klein
University of the Western Cape

Itumeleng Moroenyane

imoroenyane@sun, ac,za

Stellenbosch University

Short Report

Keywords: drought recovery, proline, Bayesian hierarchical model, stomatal limitation, one-point Vcmax,
LI-6800, threshold dose-response, Glycine max

Posted Date: October 21st, 2026
DOI: https://doi.org/10.21203/rs.3.rs-11121207/v1

License: €© ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 1/12


https://doi.org/10.21203/rs.3.rs-11121207/v1
https://doi.org/10.21203/rs.3.rs-11121207/v1
https://doi.org/10.21203/rs.3.rs-11121207/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Objective. Rehydration after drought reveals two coupled processes: catabolic clearance of osmolytes
accumulated during stress, and the resumption of photosynthesis by stomatal re-opening and
biochemical recovery [1]. We asked whether these processes respond to prior stress severity
continuously or beyond a threshold, using a five-level pilot in Glycine max re-watered to 100% of field
capacity and sampled on day 2 of recovery.

Results. A hierarchical Bayesian model with joint calibration estimated leaf proline in the extreme-stress
plant to be 75 ug g-' FW lower than the never-stressed control (95% credible interval =132 to -12;
posterior probability of a decrease = 0.985), whereas mild-, moderate-, and severe-stress plants did not
differ from the control. A hinge model located a change-point between the severe and extreme levels (6
=3.9,95% Crl 2.4-4.7) and out-predicted a linear decline (AELPD = 2.2 + 1.2). Diurnal gas exchange after
correcting a widespread leaf-area error (which had inflated Cil by 199 pmol mol-" and placed 21 of 24
values above ambient CO,) showed non-stomatal effects accounted for 78—-94% of leaf-to-leaf
differences in assimilation, while apparent V., tracked stomatal conductance across the day (p =

0.90). Findings apply to these five plants; replication with continuous severity is required.

Introduction

Plants surviving drought must both restore carbon assimilation and clear the osmolytes and signals
accumulated during stress. Proline accumulates during dehydration through P5CS induction and is
oxidised on rehydration by proline dehydrogenase, so residual leaf proline after re-watering reports the
balance between prior stress and catabolic recovery [2, 3]. Photosynthesis recovers on two partly
separable axes: stomatal re-opening, which abscisic acid can hold back after hydraulic status is restored
[4, 5], and restoration of mesophyll and biochemical capacity, which lags after severe stress [1, 6, 7].
Whether these processes respond to stress severity continuously or beyond a threshold determines how
recovery should be modelled and which regulators to target, including the root-derived CLE25 peptide
that acts upstream of foliar ABA biosynthesis [8].

We report a pilot experiment in soybean (Glycine max) that combines diurnal LI-6800 gas exchange with
a proline assay on the same leaf, two days after re-watering plants from five levels of prior soil drying (T1
control to T5 extreme). The design is deliberately small: one plant per severity level, top (third) trifoliate,
day 2 after re-watering to 100% field capacity. We test four hypotheses: H1, residual proline declines only
beyond a severity threshold; H2, early photosynthetic recovery is limited by diffusion (stomatal re-
opening); H3, the diurnal maximum of stomatal conductance shifts later after more severe stress; H4,
proline status predicts diurnal carbon gain. We formulate H1 as a Bayesian model comparison that
propagates calibration uncertainty into every treatment estimate, and H2 as an exact log-ratio partition
of leaf-to-leaf differences in assimilation into diffusive and non-stomatal components. The exercise also
evaluates a post-hoc correction to LI-6800 outputs for partially filled chambers.
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Methods

Plants and treatments.

Soybean plants at the same developmental stage (R1) were exposed to five levels of soil drying (T1 well-
watered control to T5 extreme drought) followed by re-watering to 100% pot capacity (wet sand) and
sampled on day 2 of recovery from the top (third) trifoliate. Two proline extracts per plant, each read in
triplicate wells, were prepared; T5 plants survived but were not considered for gas exchange analysis.
Figure 1a shows the experimental design used in this pilot study.

Gas exchange.

A LI-6800 (LI-COR, 6800-12 chamber) recorded six rounds on the T1-T4 trifoliate leaves between 07:19
and 17:09 using the following parameters: PAR 1000 pmol m-2 s~7, reference CO, 415 pmol mol-?, flow
300 pymol s7'. Leaves filled 4.8—6.1 cm? of the 9 cm? aperture. Because assimilation, transpiration and
total conductance scale with 1/S, we multiplied each by 9/S and recomputed g, and C; from the
instrument's equations [9] rather than rescaling C; itself (implementation reproduced logged C; within 1
pumol mol-* at S = 9). We estimated apparent V.« Per log with the one-point method [10] using standard
temperature functions [11] and computed stomatal limitation LK = 1 - A/A(C; = Cl) [12, 13]. For every leaf
and round we partitioned In(A_leaf/A_T1) exactly into a diffusive term, In[f(C;)_leaf/f(C;)_T1], and a non-

stomatal term, In(VRERE,app,leaf/VEREN,app,T1). We flagged logs with ACO, below 2 pmol mol-"or A<0
as signal-limited (12 of 24; 23 of 24 recorded before the stability criterion was met) and retained them
with the flag [9].

Proline.

Leaf tissue (0.5 g FW in 10 mL) was quantified by acid ninhydrin with toluene partitioning; standards
passed through the toluene step [14]. Because samples spanned 0—10 ug mL-" we used a 0—-40 pg mL""
calibration (As,, = 0.005767-C + 0.08833; R? = 0.983; LOD 132 and LOQ 400 pg g~' FW from 3.30/S and
100/S). A hierarchical Bayesian model in PyMC 5.28 [15] fitted standards and sample wells jointly.
Extract concentrations were modelled as c_e ~ N(u_level, o_ext) while well-level measurements were
modelled using A_well ~ Student-t(v = 4, b, + b,c_e, o_tech); where weakly informative priors were
assigned to the model parameters. We compared cell-means, linear and hinge (u = a + b-max(0, s - 6), ©
~U(1, 5)) models by PSIS-LOO [16] and tested robustness under o_ext ~ HalfNormal(10) and Gaussian
wells. Sampling ran four chains of 3,000 draws (target acceptance 0.97): zero divergences, R < 1.001,
bulk ESS = 2,500. Frequentist analyses complemented the Bayesian model using an exact Jonckheere—
Terpstra trend test across all 113,400 label arrangements [17]. All analyses used either R 4.3.3 and
Python 3.11 and the corresponding code are included as supplementary material.

Results
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Residual proline shows a threshold response (H1; supported for these plants). Posterior median proline
concentrations were recorded at 125, 141, 140, 122 and 50 ug g-* FW for T1-TS5, respectively (Fig. 1b).
The T5 leaf had lower proline concentration than the control with a posterior median difference of - 75
ug g’ FW, 95% Crl - 132 to - 12 and a posterior probability of a decrease of 0.985). In contrast the T2-
T4 centered on zero with P(A < 0) ranging from 0.29 t00.55 (Fig. 1d). The hinge model estimated a
change-point at 8 = 3.9 (95% Crl 2.4-4.7 with P(6 = 3) = 0.92, and an estimated post-threshold slope of -
74 ug g~' FW per treatment level (95% Crl - 199 to - 21). The hinge model provided better predictive
performance than both the linear (AELPD =2.2 + 1.2) and cell-means (1.8 + 0.8) models (Fig. 1c). The
probability that T5 remained lower than T1 remained high (0.946 and 0.989) across alternative prior and
likelihood specifications (Additional file 1: Table S1). The exact Jonckheere—Terpstra test provided
limited evidence for an ordered trend (p = 0.061). However, the post-hoc contrast indicated that T5 was
85127 ug g—' FW lower than the mean of T1-T4 (1(5) = - 3.16, p = 0.025).

A first-principles C; recomputation removes a widespread error.

Linear rescaling of C; by 9/S, the correction applied in the sample workbook, can substantially bias C;
estimates when applied incorrectly. In the workbook, this correction placed 21 of 24 C,values above
ambient CO,, which is thermodynamically impossible under net CO, uptake (Additional file 1: Fig. S1). In
contrast, the first-principles pipeline described in the Methods returns physiologically bounded C; values
of 245-418 pmol mol-" and formed the basis of Figs. 2 and 3.

Photosynthesis is limited by non-stomatal capacity, not diffusion (H2; not supported).

Net CO, assimilation (A) increased linearly with gli,, in every leaf with no evidence of saturation (Fig. 3a).
However, the response for T3 was much weaker with a slope of 48 (95% CI 13—-82 ymol mol-") which is
approximately half that observed for of T1, T2 and T4 (94-104 pmol mol-"), with a marginal gli,, x leaf
interaction (F(3,16) = 3.01, p = 0.061). Median LK ranged from 0.15 to 0.32 (Fig. 2d). The additive partition
on matched rounds showed that most of the difference in A were attributed to non-stomatal effects,
accounting for 78% of the T2 excess, 94% of the T3 deficit and 85% of the T4 excess (Fig. 3b). T3
assimilated 59% less CO, than T1 (mean In-ratio - 0.89) with most of this difference arising from the
non-stomatal component (- 0.83) while the diffusive component contributed only - 0.06. Across the 12
signal-adequate 10gs, Vs app COMTelated with gl (Spearman p = 0.90, p < 10-%), indicating that stomatal
conductance and biochemical capacity moved together rather than one limiting the other. On day 2 of
recovery, the median V may appin signal-adequate logs remained low (9.7-17.2 ymol m=2 s7), compared

to the reported in vivo values for field-grown soybean [18], suggesting that stomatal and biochemical
function had not fully recovered.

Timing of the diurnal maximum shifts later with severity in ordering, but not in confidence (H3;
unresolved).
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The quadratic peak in gii, occurred at 11.6 h for T1 (95% Cl 7.6-15.9), 11.8 h for T2 (8.5-14.3) and 12.9

h for T4 (11.5-15.5) (Fig. 2b). T3 had no interior maximum and declined from the first round. Ordering
matches the hypothesis; intervals overlap.

Proline does not predict carbon gain in these four leaves (H4; not supported). Diurnal integrated carbon
gain was 60, 67, 18 and 104 mmol CO, m-2 for T1-T4, respectively. With proline uncertainty propagated,
the treatment-level correlation was r = - 0.41 (95% Crl - 0.97 to 0.86, n = 4; Fig. 3c).

Discussion

Two mechanisms fit the T5 proline result and make different predictions for a replicated study. Faster
ProDH-driven clearance in the most severely stressed plant predicts elevated ProDH transcript and
proline oxidation with intact tissue [2]; loss of metabolically active tissue predicts low F,/FE and high
electrolyte leakage in the same leaf [19]. The T5 extracts sit below the assay LOD, so the direction of the
drop is credible but its magnitude is not.

The photosynthetic result argues against a purely stomatal account of early recovery. The linear A-g¥,
relationship, in isolation, would fit diffusion limitation; the tight covariance of V 4y anp With gg, and the
dominance of the non-stomatal term in leaf-to-leaf differences instead fit coordinated recovery, in which
mesophyll conductance and biochemical capacity return in step with stomatal aperture [1, 6, 7]. The T3
leaf shows the non-stomatal failure most clearly. Two cautions limit this reading: at the lowest fluxes,
cuticular conductance and IRGA noise bias C; upward and V., downward [9, 20]; and the one-point
method cannot separate mesophyll from Rubisco constraints. Definitive attribution needs A/C; curves

and, ideally, chlorophyll fluorescence [21]. The T4 leaf's higher carbon gain than the control is
unexpected under any linear stress model and merits explicit testing for hormetic overshoot in the
replicated design.

Limitations

* One plant per severity level. Extracts and wells are sub-samples of one leaf per plant; posterior
intervals describe within-leaf uncertainty and understate between-plant variance [22]. All contrasts
describe these five plants.

¢ Gas-exchange quality control. T5 was not measured; 23 of 24 logs were recorded before the
instrument's stability criterion was met; and 12 of 24 had ACO, below 2 pmol mol-".

 Single recovery day. Sampling on day 2 alone cannot separate rate from asymptote of recovery,
cannot test hysteresis, and cannot resolve whether the T4 assimilation excess reflects overshoot or
noise. Days 0, 2, 5, and 10 after re-watering are the natural targets.

Conclusions
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This pilot supports a threshold, rather than a linear, model of residual leaf proline decline after re-
watering in soybean, and suggests that early photosynthetic recovery is limited by coordinated stomatal
and non-stomatal capacity rather than by stomata alone. This study contributes a methodological
correction of a leaf-area rescaling error that inflated C; above ambient in a widely used LI-6800
workbook. The findings apply to five plants and motivate a replicated study with > 6 plants per level,
continuous soil-water metrics, A/C; curves, and repeated recovery-day sampling.
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Figure 1

Residual leaf proline falls beyond a drought-severity threshold two days after re-watering. aDesign:
same-age soybean plants received one of five soil-drying levels (T1 control to T5 extreme), were re-
watered to 100% field capacity (wet sand) and sampled on day 2; diurnal gas exchange and the proline
assay came from the top (third) trifoliate of the same plant. b Proline (ug g-' FW) from a joint
hierarchical Bayesian model that fits calibration standards and sample wells together. Large symbols
give posterior medians; thick and thin bars give 50% and 95% credible intervals (Crl). Open circles show
extract-level posterior medians; small dots show individual wells. Grey shading marks values below the
limit of detection (LOD, 132 pug g-' FW); all samples lie below the limit of quantification (400 ug g=' FW). ¢
Hinge dose-response model, u = a + b-max(0, severity - 0). Black line and grey bands: posterior median,
50 % and 95% Crl; symbols: extract means; shaded density at base: posterior of the threshold 6. PSIS-
LOO favoured hinge over linear (AELPD = 2.2 + 1.2). dPosterior distributions of each level minus control,
with medians, 95 % Crl and P(A < 0). With one plant per level, intervals describe within-leaf uncertainty
for these plants, not variation among plants.
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Figure 2

Diurnal photosynthetic recovery and its limitation on day 2 after re-watering. a Net CO, assimilation (A)
of the T1-T4 leaves at PAR 1000 pmol m=2 s~' and reference CO, 415 pmol mol-", after first-principles
leaf-area correction. Horizontal bars at the top show the vertex of a quadratic fit in time with its 95 %
residual-bootstrap interval; T3 had no interior maximum. b Stomatal conductance to water vapour (glik),
recomputed from the LI-6800 equations; the line marks gl = 0.05 mol m-2 s~'. cApparent maximum
carboxylation rate at 25 °C (VUKN,app, log scale) from the one-point method. d Stomatal limitation LE = 1
- A/A(CI = CR). Filled symbols mark logs with ACO, =2 pmol mol-" and A > 0; hollow symbols mark
signal-limited logs. T5 was not measured. n = 1 leaf per level, 6 time points.
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Figure 3

Non-stomatal capacity dominates leaf-to-leaf differences in early recovery. a A against gliill for all 24 logs,
with leaf-specific ANCOVA fits and slopes (dA/dgll, pmol CO, mol-" H,0, 95 % CI); gill x leaf interaction
F(3,16) = 3.01, p = 0.061. b Exact additive partition of In(A_leaf/A_T1) into a stomatal (diffusive) term, In
f(Cl), and a non-stomatal term, In Villili,app, averaged over rounds in which both leaves had A > 0.
Diamonds give the total log-ratio; positive values mean higher than T1. ¢ Integrated diurnal carbon gain
(JA, 07:19-17:09) against posterior proline (median and 95 % Crl). Shaded band: T5 proline posterior (no
gas-exchange record). r = -0.41 (95 % Crl -0.97 to 0.86, proline uncertainty propagated; n = 4). d Working
model. Solid arrows: pilot support; dashed arrows: hypotheses for the replicated study. CLE25 acts
upstream of foliar ABA [8].
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