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Abstract

waterlogging constrains terrestrial plants by limiting oxygen diffusion in the rhizosphere and
altering root-zone physical and chemical properties. However, the extent to which whole-
plant responses to waterlogging can be reproduced by oxygen deficiency alone remains
unresolved. In tomato (Solanum lycopersicum), waterlogging is commonly associated with
adventitious-root formation, yet the functional contribution of these roots to whole-plant
water relations has rarely been quantified.

Here, we experimentally separated root-zone hypoxia from waterlogging and quantified the
contribution of surface-associated adventitious roots to whole-plant transpiration. Using high-
resolution gravimetric lysimeters, we monitored transpiration dynamics under two conditions:
(1) N2-driven displacement of root-zone Oz under near-field-capacity conditions and (i) root-
zone waterlogging. These measurements were complemented by analyses of soil redox
potential and pH, mineral composition, stem anatomy, and genotypic variation among M82,
IL11-4, and ILS8-1.

Nz-driven oxygen depletion rapidly reduced rhizosphere Oz concentration and induced a
moderate decline in redox potential, accompanied by changes in rhizosphere chemistry and
mineral relations. Whole-plant transpiration, however, declined only progressively over
several days. Under waterlogging, transpiration declined rapidly in all genotypes, with strong
genotype dependence. A transient partial recovery coincided with the appearance of
adventitious roots at the soil surface and was followed by renewed decline after drainage.

Quantitative analysis indicated that adventitious roots contributed only a limited fraction of
daily water uptake, approximately 15% to 20%, which was insufficient to restore pre-
waterlogging transpiration or growth. Together, these results show that waterlogging
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responses were not reproduced by rapid oxygen deprivation alone and that adventitious roots
provide limited hydraulic compensation.

Keywords: Flooding tolerance, Oxygen deficiency, Adventitious roots, Transpiration rate,
Tomato (Solanum lycopersicum)

Introduction

Plant transpiration drives the transport of water and minerals to photosynthetic tissues.
Despite the requirement for soil water to sustain this process, excess water in the rhizosphere,
through root-zone flooding or waterlogging, can disrupt water and mineral uptake and thereby
impair or even kill terrestrial plants. This threat is being amplified by climate change, which is
increasing the frequency and intensity of heavy rainfall and flooding events. From 2000 to
2019, the global cropland area exposed to flooding increased by nearly 84,000 km?,
equivalent to 7.75% (Zhang et al., 2023). Poorly drained regions across more than 188
countries are already experiencing more frequent and/or more severe flooding, with
substantial consequences for agriculture (Rentschler et al., 2022). Currently, 24% of global
cropland lies in flood-prone regions (Zhang et al., 2023), placing nearly one-quarter of global
food production at recurring risk. Between 2003 and 2013, floods caused approximately US$
7.8 billion in damage and losses to the crop subsector, making excess water the most
damaging natural hazard for crops, exceeding the impacts of storms and drought (FAO, 2015).

Waterlogging rapidly displaces air from soil pores and severely restricts gas exchange
between the soil and the atmosphere. As pore spaces become filled with water, gas diffusion
declines by several orders of magnitude, sharply reducing oxygen availability to roots (Yalin
et al., 2021). Oxygen deficiency, widely considered a primary cause of flooding injury in
terrestrial plants, shifts root metabolism from aerobic respiration to anaerobic pathways,
thereby constraining root respiration, reducing metabolic activity, and creating energy deficits
that lead to progressive root damage (Colmer and Voesenek, 2009; Horchani et al., 2009; Pan
et al., 2021). In tomato, flooded soils typically induce a sequence of symptoms that includes
leaf wilting, strong epinasty of intermediate leaves, reduced shoot elongation, callus
formation, adventitious-root emergence along the stem near the water surface, and chlorosis
of older leaves (Jackson, 1956). Flooding also impairs transpiration and growth, reducing
stem elongation and altering shoot physiology (Kuo and Chen, 1980). Similar reductions in
carbon exchange and transpiration have also been reported in other species under water
excess, including pigeonpea (Bansal and Srivastava, 2015).

In addition to limiting oxygen supply, flooding alters rhizosphere chemistry. Low-oxygen
conditions promote the accumulation of gases such as CO> and methane and stimulate
anaerobic microbial processes, beginning with denitrification and, under more reducing
conditions, progressing to the reduction of manganese, iron, and sulfate. These processes alter
soil redox potential (Eh) and can strongly affect nutrient availability to plants (Colmer and
Voesenek, 2009; Pezeshki and DeLaune, 2012; Singh et al., 2018). Consequently, nutrient
uptake and transport may be impaired, potentially leading to deficiency or toxicity despite
ongoing plant acclimation. For example, 2-7 days of flooding in barley reduced foliar N, P,
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79  and K concentrations by 50%-60%, illustrating how water excess can impair nutrient

80 acquisition through both altered soil chemistry and oxygen-limited root function (Leyshon
81  and Sheard, 1974). Nitrogen, phosphorus, and potassium are among the nutrients most

82  strongly affected by rhizosphere water excess in terrestrial plants (Aslam et al., 2023).

83  Accordingly, we monitored rhizosphere pH and redox potential, characterized elemental

84  dynamics in the soil solution and drainage, and quantified mineral composition in leaves and
85  roots to determine whether oxygen depletion induces rhizosphere redox changes that

86 influence metal dynamics and whole-plant nutrient status.

87  Under waterlogging (often referred to as flooding), many terrestrial plants develop

88 adventitious roots, typically emerging from the stem or lower shoot near the soil or water

89  surface (Jackson, 1956; Sauter, 2013). These roots are commonly associated with flooded

90 environments and have been widely linked to oxygen deficiency and ethylene signaling in the

91  submerged root zone (McNamara and Mitchell, 1990; Vidoz et al., 2010; Kg¢ska et al., 2021).

92  However, adventitious-root formation occurs specifically under waterlogged conditions,

93  where roots are exposed to free or near-surface water, raising the possibility that its induction

94  is not driven solely by hypoxia but also by the distinct hydraulic and physical configuration

95 imposed by water excess. Unlike the primary root system embedded in soil, adventitious roots

96 often develop at the soil-air or soil-water interface, where oxygen availability and water

97  accessibility differ fundamentally from those under hypoxia alone. Although adventitious

98  roots are often interpreted as an adaptive response that replaces or supplements the primary

99  root system under flooding (Colmer and Voesenek, 2009; Sauter and Steffens, 2014), their
100 actual contribution to whole-plant water uptake and transpiration has rarely been quantified.

101  Despite extensive documentation of adventitious-root formation under flooding, two major
102 gaps remain unresolved. First, most studies implicitly attribute flooding responses to oxygen
103  deficiency alone, without experimentally separating hypoxia from the physical conditions

104  created by water excess, in which roots are exposed to free surface water rather than soil. It
105 therefore remains unclear whether key physiological responses to flooding, including changes
106  in transpiration and nutrient uptake, can be explained solely by oxygen limitation or instead
107  reflect additional water-excess-specific constraints on whole-plant water relations. Second,
108  although adventitious roots are widely interpreted as a functional replacement for the primary
109  root system under flooded conditions, their hydraulic contribution at the whole-plant level has
110  rarely been quantified. In particular, direct links among adventitious-root development,

111 surface-water uptake, and whole-plant transpiration remain largely inferential, limiting our
112 ability to determine whether these roots actively sustain plant water balance or mainly

113  indicate the severity of flooding-induced stress.

114  To address these questions, we first examined the response of tomato cv. M82 to oxygen

115  deficiency imposed by N displacement of soil oxygen, focusing on whole-plant transpiration
116  dynamics and mineral uptake. We then compared these responses with those of two tomato
117  introgression lines, IL11-4 and IL8-1, previously shown to differ in whole-plant transpiration
118  relative to the recurrent parent M82. Because these genotypes differ in transpiration capacity,
119  they provide a useful framework for testing whether baseline hydraulic and stomatal behavior
120  modulates the extent to which adventitious roots sustain water uptake and transpiration under
121 waterlogging. Together, these experiments were designed to disentangle the effects of root-

3


https://doi.org/10.64898/2026.04.09.717333
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.09.717333; this version posted April 12, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

122 zone oxygen limitation from the water-excess configuration imposed by waterlogging, and to
123 test whether adventitious-root development provides a functional pathway for surface-water
124  uptake that contributes to sustaining whole-plant transpiration. Specifically, we asked whether
125  waterlogging responses can be explained solely by reduced rhizosphere oxygen availability,
126  approximated here by N»-induced O» displacement under otherwise normal irrigation at field
127  capacity, or whether water excess imposes additional constraints on whole-plant water

128 relations that cannot be inferred from oxygen deprivation alone. We further asked how

129  hypoxia and waterlogging affect whole-plant transpiration dynamics, mineral relations, and
130  development, and how rapidly these responses can be detected using high-resolution time-
131  series measurements. Finally, we asked to what extent adventitious roots contribute to

132 surface-water uptake and whole-plant transpiration under waterlogging, and whether

133 genotypes with contrasting transpiration capacity differ in this response. Based on prior

134  literature, we hypothesized that (H1) root-zone oxygen deficiency constrains root respiration,
135  thereby reducing whole-plant transpiration and altering mineral uptake, and that (H2) under
136  waterlogging, adventitious roots make a measurable contribution to surface-water uptake that
137  partially offsets transpiration losses, whereas under N»-induced hypoxia their hydraulic

138  contribution is minimal.

139
140 Results

141 Our initial experiments examined whole-plant transpiration responses to root-zone oxygen
142  deficiency imposed independently of soil water excess.

143  Oxygen deficiency induced by O2 displacement (non-flood hypoxia)
144  Effect of oxygen level on transpiration dynamics, soil pH, and redox potential

145  Following the onset of Nz injection (Figure 3, red dashed line), soil Oz concentration in the
146  oxygen-deficient treatment declined rapidly, reaching approximately 1.7% within 1.5 h and
147  stabilizing at 0.09%-0.7%, whereas ventilated controls remained close to pre-treatment levels
148  (Figure 3B; Supplementary Figure S3B). Despite this rapid Oz depletion, midday whole-plant
149  transpiration did not differ significantly between treatments during the first approximately 20
150  h. A significant reduction in transpiration under oxygen deficiency developed only after

151  sustained hypoxia, resulting in a mean decrease of approximately 21%-22% during days 5-10
152  of treatment in Exp. 2 and days 2-6 in Exp. 1 (Figure 3A; Supplementary Figure S3A). This
153  temporal lag indicates that the transpiration response was not an immediate consequence of
154  O2 depletion, but rather reflected downstream physiological adjustment to prolonged hypoxic
155  conditions.

156 O depletion was accompanied by marked changes in soil chemical conditions. Soil pH
157  increased following O displacement by N> gas flow. The increase relative to the naturally
158  aerated treatment in Exp. 1 (mean increase of approximately 0.9 pH units; Supplementary
159  Figure S3C) was greater than that relative to the forced-air treatment in Exp. 2 (mean
160  difference of approximately 0.4 pH units; Figure 3C). In addition, in Exp. 2, pH increased in
161  both treatments, whereas in Exp. 1 the difference between treatments was established within a
162  few hours; in Exp. 2, it developed more gradually, becoming apparent only after

4


https://doi.org/10.64898/2026.04.09.717333
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.09.717333; this version posted April 12, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

163  approximately 1.5 d. Redox potential (Eh) shifted rapidly toward more reducing conditions
164  under oxygen deficiency. Whereas ventilated controls showed only a modest decline of

165  approximately 50 mV, Eh in oxygen-deficient columns decreased sharply within the first 15 h
166  and continued to decline thereafter, with mean values of 445 mV in controls and 327 mV

167  under oxygen deficiency across days 5-10 (Figure 3D; Supplementary Figure S3D). Together,
168  these changes confirm the establishment of a more reduced soil environment under sustained
169  O2 deprivation.

170  Elemental concentrations under hypoxia

171  Elemental responses to hypoxia were most pronounced in the soil solution and drainage,

172 whereas changes in plant tissues were limited and element specific. Hypoxia was imposed by
173 N injection and compared with aerated controls. In the soil solution and drainage, clear

174  treatment effects were detected, most notably a consistent increase in potassium (K)

175  concentration in drainage under oxygen deficiency (Figure 4A,C). Among microelements,
176  treatment-dependent differences were also observed in both soil solution and drainage,

177  although these responses were more element specific and less consistent than those of the
178  macroelements (Figure 4B,D). In the youngest mature leaf, concentrations of S, Na, K, Ca,
179  and P differed between treatments and were generally higher in ventilated controls, indicating
180  better maintenance of leaf mineral status under aerobic conditions, with the exception of Na.
181  Magnesium concentration did not differ between treatments (Figure 4E). In roots, only K

182  showed a significant treatment effect and was higher under oxygen deficiency (Figure 4G),
183  suggesting altered K accumulation or retention in root tissues under hypoxic conditions. A
184  seasonal replicate (Exp. 1) supported these trends. Before treatment initiation, soil-solution
185  elemental concentrations were similar between treatments (Supplementary Figure S4A,C).
186  Following hypoxia, K and Mg increased in oxygen-deficient pots, whereas Mn decreased

187  relative to controls, while most other elements showed minor or no changes (Supplementary
188  Figure S4B,D).

189  Notably, although most physiological and chemical responses to hypoxia were consistent with
190  previous reports, neither hypoxia experiment induced adventitious-root formation. This

191  outcome contrasted with the prevailing literature and motivated a subsequent experiment in
192  which oxygen deficiency was imposed by waterlogging rather than by N»-driven

193  displacement of soil Oo.

194  Waterlogging experiment
195  Adventitious root-associated contribution to transpiration

196  Plants were maintained under standard irrigation-drainage cycles for 8 d, after which

197  waterlogging was imposed by flooding the root zone on day 9. In all genotypes, midday

198  whole-plant transpiration declined rapidly following waterlogging, reaching minimum values
199  on days 13-14, with mean reductions of approximately 16% in M82, 44% in IL11-4, and 55%
200 in IL8-1 relative to their respective controls (Figure SA-C). After several days of continuous
201  waterlogging, a transient partial recovery in transpiration was observed, reflected by a gradual
202  rise in transpiration rates (dotted green lines), coinciding with the appearance of adventitious
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203  roots at the soil-air interface (Figure SD-G). Adventitious-root formation was strongly

204  genotype dependent: control plants showed few or no adventitious roots, whereas waterlogged
205  plants exhibited significantly higher adventitious-root scores, highest in IL8-1, intermediate in
206  IL11-4, and lowest in M82 (Figure SH).

207

208  Across individual waterlogged plants, adventitious-root score was negatively correlated with
209  the reduction in transpiration following flooding (Pearson r = -0.65; Figure 5I), such that

210  plants exhibiting stronger adventitious-root development also showed larger absolute

211  reductions in transpiration. This relationship suggests that adventitious-root formation tracked
212 stress severity under waterlogging. At the same time, the temporal pattern, namely a partial
213 recovery phase during prolonged waterlogging followed by a renewed decline after drainage,
214 s consistent with a late, partial compensatory contribution of surface-associated roots to

215  water uptake. Similar patterns were observed in daily transpiration dynamics (Supplementary
216  Figure S5).

217  Importantly, the magnitude and consistency of transpiration decline varied among genotypes:
218  all waterlogged IL8-1 plants exhibited reduced transpiration, all but one IL11-4 plant showed
219  areduction, whereas only three M82 plants displayed a clear decrease. Accordingly,

220  quantitative analyses of transpiration losses were restricted to plants that exhibited a

221  measurable decline in transpiration following waterlogging. On days 13-14, reductions in

222 daily transpiration relative to controls amounted to 423.36 + 3.82 g in M82, 324.22 £ 36.16 g
223 inIL11-4, and 361.60 £ 21.57 g in IL8-1 (insets in Figure SA-C), indicating genotype-specific
224  sensitivity to waterlogging. On day 22, drainage was restored and plants returned to

225  irrigation-drainage cycles, resulting in a renewed decline in transpiration as adventitious roots
226  lost access to surface water (dotted green lines). During the period of partial compensation
227  (days 14-22), mean daily transpiration losses relative to controls decreased to 196.25 + 43.42
228 gin M82,201.53 £21.91 ginIL11-4, and 246.65 + 17.38 g in IL8-1. Following drainage of
229  the surface water layer (approximately 96 g), mean daily transpiration losses increased again
230 t0255.57+40.03 gin M82, 259.36 +27.51 ginIL11-4, and 314.85 £ 13.73 g in IL8-1.

231  Based on the extent of adventitious-root coverage at the soil surface and the available surface-
232 water volume, the effective contribution of these roots to water uptake was estimated at 59.32
233 ginM82,57.83 gin IL11-4, and 68.2 g in IL8-1. Together, these estimates indicate that

234 adventitious roots made a measurable contribution to sustaining transpiration under prolonged
235  waterlogging, but that this contribution was insufficient to fully offset waterlogging-induced
236  transpiration losses.

237  Cumulative transpiration was reduced by nearly half in waterlogged IL8-1 and IL11-4 plants
238  relative to their drained controls, whereas M82 did not differ significantly from its control
239 (Figure 6A). Shoot dry weight also declined by approximately half in waterlogged IL8-1 and
240  IL11-4 plants, whereas M82 was not significantly affected (Figure 6B). Waterlogging reduced
241  shoot water-use efficiency (WUE), calculated here as shoot dry weight per unit cumulative
242  transpiration, in all three genotypes relative to their controls, with IL8-1 showing the lowest
243 values (Figure 6C). Shoot length was significantly reduced only in IL8-1, with no significant
6


https://doi.org/10.64898/2026.04.09.717333
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.09.717333; this version posted April 12, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

244 effect detected in IL11-4 or M82 (Figure 6D). Root length decreased in IL8-1 and IL11-4

245  relative to their controls, whereas M82 showed no significant change (Figure 6E). The

246  root:shoot ratio increased in IL8-1 and IL11-4 relative to their controls, but not in M82

247  (Figure 6F). Visual assessment at harvest supported these genotype-dependent morphological
248  responses to waterlogging (Figure 6G). Under waterlogging, IL8-1 and IL11-4 appeared

249  smaller and showed more leaf wilting than their drained controls, whereas M82 appeared less
250 affected. Root systems of waterlogged IL8-1 and IL11-4 plants also showed browning and
251  lower apparent root mass, whereas M82 roots appeared less affected.

252 To assess whether waterlogging effects extended to reproductive development, we quantified
253  flower and fruit production across genotypes at harvest (Supplementary Figure S6). Stem

254  cross-sections taken just above the adventitious-root zone, corresponding to the region shown
255  in Figure 5D and E, suggested qualitative anatomical differences under waterlogging. Relative
256  to controls, waterlogged stems showed an apparent reduction in the visually distinguishable
257  xylem area, with this pattern appearing more pronounced in IL11-4 and IL8-1 than in M82
258  (Figure 7).

259
260  Discussion

261  In tomato, the whole-plant response to waterlogging cannot be inferred from oxygen

262 deprivation alone as imposed by rapid N displacement, but instead reflects the interaction
263  between root-zone O: limitation and genotype-specific differences in hydraulic performance,
264  metabolic capacity, and developmental plasticity, consistent with conceptual frameworks of
265  flooding responses (Voesenek and Bailey-Serres, 2015) and with physiological and signaling
266  studies under excess water (Jia et al., 2021). Here, we disentangled root-zone O> deprivation
267  from waterlogging as a distinct hydraulic condition and tested whether adventitious roots
268  provide a functional pathway for surface-water uptake that contributes to whole-plant water
269  Dbalance. We hypothesized that (H1) O> displacement constrains root respiration, thereby

270  reducing whole-plant transpiration and mineral uptake, and that (Hz) waterlogging induces a
271  compensatory response through adventitious roots that partially sustains transpiration,

272 whereas under hypoxia without water excess their hydraulic contribution is negligible. Our
273 results support a two-layer response. Hypoxia alone caused a delayed but persistent reduction
274  in water and mineral fluxes without inducing adventitious-root formation, whereas

275  waterlogging imposed additional physical boundary conditions that triggered adventitious-
276  root formation and a transient partial recovery of transpiration, with strong genotype-

277  dependent consequences for whole-plant performance.

278  Nz-induced hypoxia imposed clear and reproducible physiological constraints on tomato

279  plants. Across two independent experiments, displacement of soil O2 by N resulted in

280  pronounced changes in soil chemistry, including increased pH and a marked decline in redox

281  potential (Figure 3C,D; Supplementary Figure S3C,D), together with shifts in mineral

282  composition in leaves and roots (Figure 4E-H). These responses are consistent with previous

283  studies showing that root-zone hypoxia constrains mitochondrial respiration and cellular ATP
284  production, thereby limiting metabolically demanding processes such as ion uptake and long-
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285  distance transport (Wagner et al., 2018). Likewise, controlled hypoxia experiments using Na-
286  based O: displacement have reported altered uptake and partitioning of key minerals,

287  particularly potassium and other ions central to osmotic regulation, processes that are highly
288  sensitive to cellular ATP availability (Jethva et al., 2022).

289  Mechanistically, these responses are consistent with the expectation that hypoxia-driven ATP
290  limitation reduces plasma-membrane H'-ATPase activity, thereby depolarizing the membrane
291  potential and weakening the proton-motive force. Such effects would be expected to constrain
292 voltage-dependent transport pathways, including inward-rectifying K™ channels (Moshelion
293 and Moran, 2000), while a reduced ApH would diminish the driving force for H"-coupled

294  secondary active transport processes (Morsomme and Boutry, 2000). In parallel, the increase
295  in soil pH during N>-driven gas displacement may also reflect partial removal of dissolved
296  CO; from the soil solution, superimposed on the metabolic effects of inhibited root

297  respiration. Reduced dissolved CO, would be expected to decrease carbonic acid formation
298  and thereby contribute, at least in part, to the observed pH shift.

299  Importantly, the reduction in whole-plant transpiration following O depletion developed
300 progressively over several days (Figure 3A; Supplementary Figure S3A), rather than as an
301  abrupt response. This temporal lag argues against hydraulic failure as a primary consequence
302  of hypoxia and instead supports a gradual decline in root function driven by metabolic

303  impairment. In this framework, reduced respiration under low O would be expected to
304  weaken the energetic and electrochemical basis for solute uptake, including K* acquisition,
305 thereby reducing the osmotic component of water uptake. Additional energy-dependent
306 constraints, including possible effects on aquaporin function, may further aggravate this
307  decline (Tournaire-Roux et al., 2003; Boursiac et al., 2008). Thus, impaired whole-plant
308 hydraulics are better interpreted here as a downstream consequence of hypoxia-induced
309 metabolic limitation rather than as its immediate cause.

310  Under waterlogging, whole-plant transpiration in M82 was also reduced, but both the

311  magnitude of this reduction and the associated developmental responses differed from those
312  observed under N»>-induced hypoxia. Following the onset of waterlogging, transpiration

313 declined rapidly and reached a minimum within approximately 4-5 d, with a mean reduction
314  of about 16% relative to drained controls (Figure 5A; Supplementary Figure S5A). In

315  contrast, N2>-induced O displacement caused a somewhat larger decline in transpiration in
316  MS2, but this response developed more gradually rather than more rapidly (Figure 3A;

317  Supplementary Figure S3A). This difference suggests that waterlogging and gas-driven

318  hypoxia imposed distinct constraints on root function. N> flushing likely reduced oxygen
319  availability more uniformly throughout the root zone, whereas under waterlogging oxygen
320 availability likely remained more heterogeneous along the soil profile. This interpretation is
321  consistent with the root distribution patterns observed at harvest (Figures 5G and 6G), which
322 suggest a shift in root presence toward the soil surface under waterlogging, where oxygen
323  availability may have been less restricted.

324  Notably, only a subset of waterlogged M82 plants displayed a pronounced transpiration
325  decline, and these individuals were also characterized by stronger adventitious-root formation
326  (Figures 5A and 5H). Across individuals, adventitious-root emergence was associated with
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327  greater transpiration reduction (Figure 51), indicating that adventitious rooting tracked stress
328  severity rather than representing an early or uniformly protective response. This pattern was
329  modest in M82 but much more pronounced in the introgression lines, in which waterlogging
330  caused substantially larger transpiration reductions, approximately 44% in IL11-4 and 55% in
331 IL8-1 relative to controls (Figure SA-C; Supplementary Figure S5A-C). Thus, the genotypes
332  differed markedly in their ability to maintain whole-plant water flux under waterlogging. M82
333  exhibited relatively small transpiration reductions, low adventitious-root scores (Figure SH),
334  and cumulative transpiration comparable to drained controls (Figure 6A), while maintaining
335  shoot biomass and reproductive output (Figure 6B; Supplementary Figure S6). In contrast,
336  IL11-4 and IL8-1 showed pronounced and sustained transpiration declines, extensive

337  adventitious-root proliferation, reduced shoot growth, lower shoot water-use efficiency, and
338  clear deterioration of the primary root system (Figures SH,I, 6B-G, and S5B,C). This contrast
339 raises an important question: why did N»-induced hypoxia not trigger adventitious-root

340  formation?

341  Several, not mutually exclusive, explanations may account for the absence of adventitious-
342  root formation in the N>-displacement experiment. First, these experiments were conducted
343  only in M82, a genotype that also exhibited relatively limited adventitious-root formation
344  under waterlogging compared with IL11-4 and especially IL8-1 (Figure SH). Second, the

345  duration of the N>-displacement treatment was shorter than that of the waterlogging

346  experiment and may have been insufficient to allow full development of this response. Third,
347  oxygen depletion in the Na-displacement system was imposed rapidly, whereas during

348  waterlogging the decline in rhizosphere O, may have developed more gradually.

349  Adventitious-root induction may therefore depend not only on the severity of oxygen

350 limitation, but also on genotype, exposure duration, and the temporal dynamics of O» decline.
351  Thus, under the conditions used here, N>-induced oxygen deprivation alone did not reproduce
352 adventitious-root formation, but these experiments do not exclude a role for slower or longer
353  hypoxic exposure in triggering this developmental response.

354  Stem cross-sections taken above the adventitious-root zone further suggested a reduction in
355  the visually distinguishable xylem area in waterlogged IL11-4 and IL8-1 plants (Figure 7),
356  consistent with persistent impairment of the primary hydraulic pathway. Quantitatively, the
357 transient partial recovery of transpiration during days 14-22 under waterlogging, coinciding
358  with adventitious-root emergence and followed by renewed decline after drainage (Figure SA-
359  C; Supplementary Figure S5A-C, during the period marked by the green dashed lines),

360 indicates that adventitious roots contributed only a limited fraction of whole-plant water

361  uptake, on the order of approximately 15%-20% of daily transpiration.

362  Together, these results indicate that adventitious rooting represents a compensatory response
363  that develops after substantial impairment of the primary root system, sufficient to provide
364  limited hydraulic support but insufficient to restore intact whole-plant water transport. This
365 temporal coupling between root emergence and partial transpiration recovery supports H2 and
366 indicates that adventitious-root formation was not reproduced by the N»-displacement

367 treatment used here. This difference may reflect the more gradual decline in rhizosphere O-
368  during waterlogging, together with additional hydraulic or chemical cues associated with
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369  water excess, indicating that the developmental response observed under waterlogging was
370  not reproduced by rapid O displacement alone.

371 Conclusions

372 Intomato, reduced root-zone oxygen availability appears to be the primary driver of

373  waterlogging injury, whereas genotype-specific differences in hydraulic performance,

374  metabolic capacity, and developmental plasticity shape the extent and form of the whole-plant
375 response. By experimentally separating O deprivation from water excess, we show that root-
376  zone hypoxia constrains whole-plant transpiration primarily through impaired root

377  metabolism and transport capacity, whereas waterlogging imposes additional conditions not
378  reproduced by rapid O displacement alone. Under waterlogging, adventitious-root

379  development was associated with a transient partial recovery of transpiration, yet quantitative
380  analysis indicates that this recovery reflects only a limited contribution to whole-plant water
381  uptake, insufficient to restore pre-waterlogging transpiration or growth. Thus, adventitious
382  roots function primarily as a compensatory response that provides limited hydraulic support
383  after substantial impairment of the primary root system, rather than as a functional

384  replacement conferring full waterlogging tolerance. Together, these findings provide a

385  quantitative, time-resolved framework for interpreting waterlogging responses and show that
386  adventitious roots represent a limited, genotype-dependent hydraulic bypass rather than a
387  universal acclimation mechanism.

388
389 Materials and Methods

390 Plant material and growth conditions

391  Tomato plants (Solanum lycopersicum) from three lines were used: cv. M82 and the two

392  introgression lines IL11-4 and IL8-1 (Eshed and Zamir, 1995). These lines were previously
393  characterized as differing in whole-plant transpiration under drought, with IL11-4 showing
394  higher transpiration, biomass accumulation, and water-use efficiency than IL8-1, whereas
395  MS2 exhibited intermediate responses (Gosa et al., 2022). Seeds were germinated in

396  commercial germination trays and grown for 4 weeks in a commercial substrate (Bental 11
397  Premium Growing Mix; Tuff-Substrates, Israel). Seedlings were then transplanted into pots,
398  soil columns, or waterlogging units (see below) filled with fine quartz sand (Negev Industrial
399  Minerals Ltd., Israel) and placed on the PlantArray functional-phenotyping platform. To

400 minimize soil-surface evaporation, an ethylene-vinyl acetate (EVA) disc was placed over the
401  sand surface. In all experiments, plants were allowed to establish under daily irrigation

402  adjusted to measured transpiration using the functional-phenotyping platform automatic

403  feedback system, thereby maintaining soil water content near field capacity until roots

404  reached the full column depth. During this establishment phase, the system was operated to
405  verify performance and define baseline physiological parameters.

406  All experiments were conducted in the iCORE functional-phenotyping greenhouse at the

407  Faculty of Agriculture, Food and Environment, Rehovot, Israel, during three experimental
408  periods: spring 2019, autumn 2019, and autumn 2023. The polycarbonate greenhouse was
409  equipped with cooling pads to regulate temperature while allowing natural environmental
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410  fluctuations and preventing temperatures from exceeding 32 °C (Figures 1 and 2A). Air

411  temperature, relative humidity (RH), vapor pressure deficit (VPD), and photosynthetic photon
412 flux density (PPFD) were continuously monitored using a central greenhouse weather station
413 (Supplementary Figure S1).

414  Continuous whole-plant transpiration was measured using the high-throughput gravimetric
415  functional-phenotyping system PlantArray 3.0 (Plant-DiTech, Israel). Plant weight was

416  recorded at 3-min intervals using load cells, and transpiration was calculated from changes in
417  pot weight over time. Data were processed using SPAC Analytics software (Plant-DiTech).
418  Detailed descriptions of system operation and validation are provided in Halperin et al.

419  (2017), Yaaran et al. (2019), and Dalal et al. (2020).

420  Oxygen deficiency induced by oxygen displacement (non-flood hypoxia)

421  To isolate the effects of root-zone oxygen deficiency independently of soil water excess, we
422  used a controlled soil-column system in which oxygen was displaced from soil pore space by
423 N gas, thereby imposing hypoxic conditions while maintaining soil structure and water-

424 holding capacity under regular irrigation at near-field-capacity conditions (Figure 1). In

425  experiment 1 (Exp. 1), the N2 treatment was compared with natural oxygen supply from the
426  soil surface. In experiment 2 (Exp. 2), it was compared with displacement of soil air by

427  atmospheric air applied at a flow rate similar to that of N> in the former treatment. Each

428  experiment included 10 independent soil columns (n = 10) constructed from rigid PVC

429  cylinders (internal diameter, 10.6 cm; height, 43 cm). Prior to treatment initiation, plants were
430  acclimated to the system and baseline physiological measurements were established.

431  Hypoxic conditions were generated by continuously supplying high-purity N> gas (99.999%)
432 through flexible silicone tubing inserted into each column at depths of 22 and 29 cm below
433  the soil surface. In Exp. 2, aerated control columns received atmospheric air through an

434  identical tubing configuration. Gas was dispersed within the soil using an air stone positioned
435  at the end of the tube. To prevent soil desiccation during continuous gas flow, the gas was
436  humidified by bubbling through water in a sealed 1.5-L bottle before entering the columns
437  (Supplementary Figure S2).

438  Control conditions differed between experiments. In Exp. 1, control plants were maintained
439  under ambient soil aeration without gas injection. In Exp. 2, to control for possible effects of
440  continuous gas flow itself, including CO: stripping, atmospheric air was supplied through the
441  same tubing system using a small aquarium pump at low flow. This control air was also

442  humidified before entering the soil (Supplementary Figure S2). In Exp. 1, N2 flow was

443  applied continuously for 8 days, followed by a 5 days post-treatment period without gas

444 injection. In Exp. 2, N2 or air flow was applied continuously for 7 days.

445  To enable repeated monitoring along the soil profile, six access ports were installed at fixed
446  depths: three at 12.5 cm and three at 27.5 cm below the soil surface (diameter, 2 cm). The

447  ports were sealed with cable adapters, allowing insertion of sensors and electrodes without
448  external air infiltration. At each depth, a redox (oxidation-reduction potential, ORP) electrode,
449  apH electrode, and a soil-solution sampling port were installed. An opposing port (diameter,
450 3 cm) housed a horizontally mounted oxygen sensor in a sealed plastic holder.
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451  Oxygen, redox, pH, and soil water content measurements

452  Two KE-50 oxygen sensors (Figaro Engineering Inc., Japan) were installed in each soil

453  column at depths of 12.5 and 27.5 cm. Each sensor was housed in a perforated plastic tube (20
454 =+ 2 holes, approximately 1 mm in diameter), forming an equilibration chamber that allowed
455  direct exchange with soil pore gas. The housing was kept in direct contact with the

456  surrounding sand matrix to ensure equilibration with the soil atmosphere rather than with a
457  sealed headspace. Sensor insertion points were sealed with silicone adhesive sealant to

458  prevent external air intrusion.

459  Redox potential was measured using wide-band platinum electrodes with Ag/AgCl reference
460  cells (ELH-031, Van London Phoenix Co., USA), installed at the same depths as the oxygen
461  sensors and sealed with PG16 adapters. Soil pH was measured using Ag/AgCl based pH

462  electrodes (ELH-067, Van London Phoenix Co., USA), installed and sealed at the same depths
463  as the redox electrodes.

464  In each column, 5STE volumetric water-content sensors (Meter Group, USA) were inserted
465  vertically to continuously measure volumetric water content (VWC), temperature, and
466  electrical conductivity (EC) at the two sensor depths. All sensors were connected to the
467  PlantArray controller or to separate dataloggers for continuous data logging.

468 Soil solution characterization

469  Soil solution samples were collected using syringes connected to Rhizon samplers

470  (Rhizosphere Research Products, Wageningen, The Netherlands) installed at the two sensor
471  depths. Soil solution was sampled 2 d before treatment initiation and several hours after

472  treatment termination. Macro- and micronutrient concentrations were quantified by ICP-AES
473  (ARCOS, SPECTRO GmbH, Kleve, Germany).

474  Harvesting and tissue analysis

475 At the end of the experiment, drainage water was collected from the base of each pot and
476  analyzed for elemental composition by ICP-AES. The youngest fully expanded leaf was

477  harvested, fresh weight was recorded, and the tissue was dried at 60 °C for 4 d and ground to
478  a fine powder. For elemental analysis, 100 mg of dry tissue was digested in concentrated

479  nitric acid, heated, and then treated with perchloric acid. The digests were diluted and

480 analyzed by ICP-AES.

481  Roots were thoroughly rinsed to remove sand, immediately frozen in liquid nitrogen, and
482  stored until analysis. Root elemental composition was determined using low-vacuum

483  scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-
484  EDS; JEOL IT100).

485  Waterlogging experiment

486  In this experiment, only the root zone was flooded; therefore, the term waterlogging is used
487  rather than flooding. No direct manipulation of oxygen availability was applied. Changes in
488  rhizosphere oxygen availability arose solely from waterlogging-induced limitations to gas

489  diffusion. Seeds were germinated and grown as described above. One 3-week-old plant was
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490 transplanted into each 5-L waterlogging pot (Plant-DiTech “Flood Control Kit” prototype)
491  and placed on the phenotyping platform (Figure 2A). The experiment included 68 pots

492  arranged in a completely randomized design, with 10-12 biological replicates per genotype
493  and treatment (Figure 2B). Following acclimation under standard irrigation-drainage cycles,
494  waterlogging was imposed on half of the plants by closing the drainage outlet, resulting in
495  flooding of the root zone only (Figure 2C). Waterlogging was maintained for 2 weeks, after
496  which plants were returned to normal irrigation-drainage conditions for a 1-week recovery
497  period prior to harvest (Figure 2D). To estimate the contribution of adventitious roots to

498  whole-plant water uptake, we compared the mean daily transpiration loss relative to

499  genotype-matched drained controls during the partial-compensation period under prolonged
500 waterlogging (days 14-22) with the corresponding loss measured immediately after drainage
501  was restored (day 23), when adventitious roots lost access to the surface water layer. The

502  difference between the values of days 23-22 was taken as the effective contribution of

503 adventitious roots to water uptake. The relative contribution was expressed as a percentage of
504 the initial transpiration loss measured on days 13-14. For the quantitative analysis of

505 transpiration loss in Figure 5, included waterlogged plants comprised all IL8-1 plants

506  exhibiting reduced transpiration, all but one IL11-4 plant showing a reduction, and only three
507  MS2 plants displaying a clear decrease during the initial decline window (days 13—14).

508 Measurement of agro-morphological parameters

509  Adventitious roots emerging on the sand surface were scored on a 0-5 scale (0, none visible;
510 5, surface fully covered). Scoring was performed by a single observer using predefined

511  criteria and applied consistently across all treatments. At harvest, shoot and root length, fresh
512  and dry biomass, and the numbers of flowers and fruits were recorded.

513  Stem section preparation and analysis

514  The aerial stem portion was excised immediately above the adventitious-root zone, when
515  present, and a fresh 10-cm segment was fixed in 70% ethanol. Transverse sections

516  (approximately 100 um thick) were prepared using a rotary microtome (Leica RM2255; TC-
517 65 disposable blades), stained with 0.1% (w/v) toluidine blue, and imaged under bright-field
518 illumination using an Olympus BX53 microscope equipped with a DP73 camera.

519  Statistical analysis

520  Data were processed using SPAC Analytics (Plant-DiTech, Israel) and JMP Pro 18.0 (SAS
521 Institute). The statistical tests applied to each dataset are specified in the corresponding figure
522  legends.
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652  Figure Legends

653  Figure 1. Experimental platform used to impose non-flood hypoxia while continuously
654  monitoring whole-plant and rhizosphere responses. Tomato plants were grown in PVC soil
655  columns mounted on weighing lysimeters (PlantArray 3.0) positioned above drainage

656  containers. Hypoxic or aerated conditions were imposed by continuous delivery of N or air
657  through an inlet tube inserted into the soil column. Rhizosphere pH and redox potential (Eh)
658  were monitored using electrodes inserted through dedicated side ports, and soil oxygen was
659  measured using an oxygen sensor installed in the column wall. Environmental conditions

660  were recorded by the greenhouse weather station. The system enabled continuous gravimetric,
661  environmental, and rhizosphere monitoring throughout the experiment.

662  Figure 2. Waterlogging experimental setup and design. (A) Photograph of the

663  waterlogging experiment conducted on the PlantArray gravimetric phenotyping platform,

664  showing: (I) lysimeter platform, (II) waterlogged pot, (III) control pot, (IV) greenhouse

665  weather station, and (V) polycarbonate greenhouse. (B) Randomized spatial arrangement of
666  the 68 pots on the platform. Shapes indicate genotypes (M82, circle; IL11-4, triangle; IL8-1,
667  square). Blue symbols denote control plants, and red symbols denote waterlogged plants. (C)
668  Representative system-weight traces illustrating waterlogging (top) versus standard irrigation-
669  drainage cycles (bottom). Changes in system net weight in the waterlogged pot primarily

670  reflect whole-plant transpiration, as drainage is prevented and soil evaporation is minimized
671 by the EVA surface cover. IP, irrigation peak; Dn, drainage; DT, daily transpiration. (D) Daily
672  pre-dawn system weight (plant, soil, and water) measured at 04:00, after drainage and before
673  the onset of daily transpiration. Pre-dawn measurements minimize the effects of diurnal

674  transpiration and short-term irrigation dynamics; therefore, day-to-day increases in system
675  weight represent plant growth. Vertical dashed lines indicate the start and end of the

676  waterlogging period. Lines represent genotype-by-treatment means, with symbols as in (B);
677  waterlogged treatments are shown in red and control treatments in blue.

678  Figure 3. Overview of key experimental parameters in Exp. 2. Continuous time-series
679  measurements of (A) midday whole-plant transpiration rate, (B) soil O, concentration

680 measured at 12.5 and 27.5 cm depths and presented as depth-averaged values, (C) soil pH,
681 and (D) redox potential (Eh). The red dashed line marks the onset of N> injection. Data are

11
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682  means = SE. Orange symbols or horizontal bars indicate time points or intervals with

683  significant differences between treatments (P < 0.05). Sample sizes were n = 5 for the oxygen
684  treatment and n = 4 for the oxygen-deficiency treatment in (A), n =9 and n = 10, respectively,
685 in (B), n =8 per treatment in (C), and n = 10 per treatment in (D).

686  Figure 4. Elemental concentrations in soil solution, drainage, and plant tissues under
687  oxygen deficiency in Exp. 2. (A-D) Elemental concentrations in soil solution and drainage
688  water. (E,F) Elemental concentrations in the youngest mature leaf. (G,H) Elemental

689  composition of roots determined by SEM-EDS. Data are means = SE. Orange symbols

690 indicate statistically significant differences between treatments for the same element (P <
691  0.05).

692  Figure 5. Whole-plant transpiration dynamics and adventitious-root formation under
693  waterlogging. (A-C) Midday whole-plant transpiration rates during waterlogging in M82 (A),
694 IL11-4 (B), and IL8-1 (C). Bold lines represent means + SE, and thin lines represent

695 individual plants. Blue lines indicate drained controls, and red lines indicate waterlogged

696  plants. Vertical dashed lines indicate the onset and termination of waterlogging. Orange

697  asterisks denote significant differences between treatments at the corresponding time points
698  (Student’s t-test, P < 0.05). Dashed green lines indicate the period during which adventitious
699  roots were visible at the soil-air interface and transpiration partially recovered. Insets show
700 the difference in daily transpiration rate relative to the control (ADT; g day'1), obtained by
701  temporal integration of transpiration data over the indicated time windows. (D)

702  Representative surface view of a control pot showing no visible adventitious roots. (E)

703  Representative surface view of a waterlogged pot showing adventitious roots emerging at the
704  soil surface. (F) Corresponding whole-root system of the same plant shown in (D), imaged at
705  harvest. (G) Representative whole-root system of a waterlogged plant at harvest, with an

706  annotated schematic highlighting adventitious roots (AR) and upper roots (UpR).

707  Waterlogging was associated with increased adventitious rooting and enhanced upper-root
708  development, together with reduced development of deeper roots. (H) Adventitious-root

709  scores at harvest (0-5 scale). Open boxes represent controls, and filled boxes represent

710  waterlogged plants. (I) Relationship between the difference in daily transpiration rate relative
711  to drained controls and adventitious-root score under waterlogging. Each point represents an
712 individual waterlogged plant; dark red points: IL11-4 and IL8-1and light orange points: M82;
713  the line indicates linear regression (Pearson r = -0.65, P < 0.05). Sample sizes: M82, n =11
714  per treatment; [L11-4, n = 12 controls and n = 10 waterlogged plants; IL8-1, n =11 controls
715  and n = 10 waterlogged plants.

716  Figure 6. Effects of waterlogging on transpiration, biomass, water-use efficiency, and
717  plant morphology. (A) Cumulative transpiration. (B) Shoot dry weight at harvest. (C) Shoot
718  water-use efficiency (WUE, g L), calculated as shoot dry weight divided by cumulative

719  transpiration. (D) Shoot length. (E) Root length. (F) Root:shoot ratio. (G) Representative

720  shoots and corresponding root systems of IL8-1, IL11-4, and M82 plants grown under control
721  and waterlogging conditions at harvest. Data are presented as boxplots. Open boxes represent
722  control plants, and filled boxes represent waterlogged plants. Sample sizes: M82, n = 11 per
723 treatment; IL11-4, n = 12 controls and n = 10 waterlogged plants; IL8-1, n = 11 controls and n
724 =10 waterlogged plants. Different letters indicate significant differences among genotype-by-
725  treatment groups (one-way ANOVA followed by Tukey’s HSD, P < 0.05). Orange lines with
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726  asterisks indicate within-genotype differences between control and waterlogging treatments
727  (Student’s t-test, P < 0.05).

728  Figure 7. Toluidine blue-stained tomato stem cross-sections at harvest. (A,B) M8&2; (C,D)
729 IL11-4; (E,F) IL8-1. Left panels show control plants, and right panels show waterlogged

730  plants. Sections were collected just above the adventitious-root zone, stained with toluidine
731 Dblue, and imaged using an Olympus BX53 microscope equipped with a DP73 camera. Yellow
732 boxes highlight the xylem region, where visible anatomical differences were observed under
733 waterlogging.

734
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Figure 1. Experimental platform used to impose non-flood hypoxia while continuously monitoring whole-plant and
rhizosphere responses. Tomato plants were grown in PVC soil columns mounted on weighing lysimeters (PlantArray 3.0)
positioned above drainage containers. Hypoxic or aerated conditions were imposed by continuous delivery of N, or air
through an inlet tube inserted into the soil column. Rhizosphere pH and redox potential (Eh) were monitored using
electrodes inserted through dedicated side ports, and soil oxygen was measured using an oxygen sensor installed in the
column wall. Environmental conditions were recorded by the greenhouse weather station. The system enabled continuous
gravimetric, environmental, and rhizosphere monitoring throughout the experiment.
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Figure 2. Waterlogging experimental setup and design. (A) Photograph of the waterlogging experiment conducted on the PlantArray gravimetric phenotyping platform, showing: (I)
lysimeter platform, (I1) waterlogged pot, (I11) control pot, (1) greenhouse weather station, and (V) polycarbonate greenhouse. (B) Randomized spatial arrangement of the 68 pots on the
platform. Shapes indicate genotypes (M82, circle; IL11-4, triangle; 1L8-1, square). Blue symbols denote control plants, and red symbols denote waterlogged plants. (C) Representative system-
weight traces illustrating waterlogging (top) versus standard irrigation-drainage cycles (bottom). Changes in system net weight in the waterlogged pot primarily reflect whole-plant transpiration,
as drainage is prevented and soil evaporation is minimized by the EVA surface cover. IP, irrigation peak; Dn, drainage; DT, daily transpiration. (D) Daily pre-dawn system weight (plant, soil,
and water) measured at 04:00, after drainage and before the onset of daily transpiration. Pre-dawn measurements minimize the effects of diurnal transpiration and short-term irrigation
dynamics; therefore, day-to-day increases in system weight represent plant growth. Vertical dashed lines indicate the start and end of the waterlogging period. Lines represent genotype-by-

treatment means, with symbols as in (B); waterlogged treatments are shown in red and control treatments in blue.
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Figure 4. Elemental concentrations in soil solution, drainage, and plant tissues under oxygen deficiency in Exp. 2.

(A-D) Elemental concentrations in soil solution and drainage water. (E,F) Elemental concentrations in the youngest
mature leaf. (G,H) Elemental composition of roots determined by SEM-EDS. Data are means + SE. Orange symbols
indicate statistically significant differences between treatments for the same element (P < 0.05).
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Figure 5. Whole-plant transpiration dynamics and
adventitious-root formation under waterlogging. (A-C)
Midday whole-plant transpiration rates during waterlogging in
M82 (A), IL11-4 (B), and IL8-1 (C). Bold lines represent means +
SE, and thin lines represent individual plants. Blue lines indicate
drained controls, and red lines indicate waterlogged plants.
Vertical dashed lines indicate the onset and termination of
waterlogging. Orange asterisks denote significant differences
between treatments at the corresponding time points (Student’s t-
test, P < 0.05). Dashed green lines indicate the period during
which adventitious roots were visible at the soil-air interface and
transpiration partially recovered. Insets show the difference in
daily transpiration rate relative to the control (ADT; g day™),
obtained by temporal integration of transpiration data over the
indicated time windows. (D) Representative surface view of a
control pot showing no visible adventitious roots. (E)
Representative surface view of a waterlogged pot showing
adventitious roots emerging at the soil surface. (F) Corresponding
whole-root system of the same plant shown in (D), imaged at
harvest. (G) Representative whole-root system of a waterlogged
plant at harvest, with an annotated schematic highlighting
adventitious roots (AR) and upper roots (UpR). Waterlogging was
associated with increased adventitious rooting and enhanced
upper-root development, together with reduced development of
deeper roots. (H) Adventitious-root scores at harvest (0-5 scale).
Open boxes represent controls, and filled boxes represent
waterlogged plants. (1) Relationship between the difference in
daily transpiration rate relative to drained controls and
adventitious-root score under waterlogging. Each point represents
an individual waterlogged plant; dark red points: IL11-4 and IL8-
land light orange points: M82; the line indicates linear regression
(Pearson r = -0.65, P < 0.05). Sample sizes: M82, n = 11 per
treatment; 1L11-4, n = 12 controls and n = 10 waterlogged plants;
IL8-1, n = 11 controls and n = 10 waterlogged plants.
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Figure 6. Effects of waterlogging on
transpiration, biomass, water-use
efficiency, and plant morphology. (A)
Cumulative transpiration. (B) Shoot dry
weight at harvest. (C) Shoot water-use
efficiency (WUE, g L), calculated as shoot
dry weight divided by cumulative
transpiration. (D) Shoot length. (E) Root
length. (F) Root:shoot ratio. (G)
Representative shoots and corresponding root
systems of IL8-1, 1L11-4, and M82 plants
grown under control and waterlogging
conditions at harvest. Data are presented as
boxplots. Open boxes represent control
plants, and filled boxes represent
waterlogged plants. Sample sizes: M82, n =
11 per treatment; 1L11-4, n = 12 controls and
n = 10 waterlogged plants; IL8-1, n =11
controls and n = 10 waterlogged plants.
Different letters indicate significant
differences among genotype-by-treatment
groups (one-way ANOVA followed by
Tukey’s HSD, P < 0.05). Orange lines with
asterisks indicate within-genotype
differences between control and
waterlogging treatments (Student’s t-test, P <
0.05).
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Figure 7. Toluidine blue-stained tomato
stem cross-sections at harvest. (A,B)
M82; (C,D) IL11-4; (E,F) IL8-1. Left
panels show control plants, and right
panels show waterlogged plants. Sections
were collected just above the adventitious-
root zone, stained with toluidine blue, and
imaged using an Olympus BX53
microscope equipped with a DP73 camera.
Yellow boxes highlight the xylem region,
where visible anatomical differences were
observed under waterlogging.
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