
1 
 

Mutations in the tomato gibberellin receptors suppresses xylem 1 

proliferation and reduces water loss under water-deficit conditions  2 

  3 

 4 

Natanella Illouz-Eliaz1*, Idan Nissan1*, Ido Nir1†, Uria Ramon1, Hagai 5 

Shohat1 and David Weiss1¶ 6 

1Institute of Plant Sciences and Genetics in Agriculture, The Robert H. Smith 7 

Faculty of Agriculture, Food and Environment, The Hebrew University of 8 

Jerusalem, P.O. Box 12, Rehovot 76100, Israel. 9 

*These authors contributed equally to this work 10 

†Present address: Department of Biology, Stanford University 11 

Natanella Illouz-Eliaz email: eliaz.nat@gmail.com 12 

Idan Nissan email: idan.nissan@mail.huji.ac.il  13 

Ido Nir email: ido.nir@mail.huji.ac.il  14 

Uria Ramon email: uriaramon6@gmail.com  15 

Hagai Shohat email: hagai.shohat@mail.huji.ac.il  16 

¶Correspondence: david.weiss@mail.huji.ac.il, Tel 972-8-9489436 17 

 18 

Submission date: 5/1/20 19 

Number of tables- 0 20 

Number of figures- 7 21 

Word count- 4599 22 

Number of supplementary tables- 1 23 

Number of supplementary Figures- 4 24 

 25 

 26 

 27 

 28 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 6, 2020. ; https://doi.org/10.1101/2020.01.06.895011doi: bioRxiv preprint 

mailto:eliaz.nat@gmail.com
mailto:ido.nir@mail.huji.ac.il
mailto:uriaramon6@gmail.com
mailto:hagai.shohat@mail.huji.ac.il
mailto:david.weiss@mail.huji.ac.il
https://doi.org/10.1101/2020.01.06.895011


2 
 

 29 

 30 

 31 

Mutations in the tomato gibberellin receptors suppresses xylem 32 

proliferation and reduces water loss under water-deficit conditions  33 
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Gibberellin regulates xylem proliferation and transpiration 37 

 38 

 39 

Highlight: 40 

The loss of the tomato gibberellin receptors GID1s reduced xylem proliferation 41 

and xylem hydraulic conductance. These contribute to the effect of low 42 

gibberellin activity on water loss under water-deficit condition.  43 
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Abstract 45 

Low gibberellin (GA) activity in tomato (Solanum lycopersicum) inhibits leaf 46 

expansion and reduces stomatal conductance. These lead to lower 47 

transpiration and improve water status under transient drought conditions. 48 

Tomato has three GIBBERELLIN-INSENSITIVE DWARF1 (GID1) GA 49 

receptors with overlapping activities and high redundancy. We have tested 50 

whether mutation in a single GID1 reduces transpiration without affecting 51 

growth and productivity. CRISPR-Cas9 gid1 mutants were able to maintain 52 

higher leaf water content under water-deficit conditions. Moreover, while gid1a 53 

exhibited normal growth, it showed reduced whole plant transpiration and better 54 

recovery from dehydration. Mutation in GID1a inhibited xylem vessels 55 

proliferation that led to lower hydraulic conductance. In stronger GA mutants, 56 

we also found reduced xylem vessel expansion. These results suggest that low 57 

GA activity affects transpiration by multiple mechanisms; it reduces leaf area, 58 

promotes stomatal closure and reduces xylem proliferation and expansion and 59 

as a result, xylem hydraulic conductance. We further examined if gid1a perform 60 

better than the control M82 in the field. Under these conditions, the high 61 

redundancy of GID1s was lost and gid1a plants were semi-dwarf, but their 62 

productivity was not affected. Although gid1a did not perform better under 63 

drought conditions in the field, it exhibited higher harvest index. 64 
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 Introduction 74 

Drought has a major impact on plant development and food supply, and is 75 

responsible for major losses of crop productivity (Mittler and Blumwald, 2010). 76 

Plants have adopted various strategies to cope with water deficiency, including 77 

maintaining water status by stomatal closure, accumulation of osmolytes and 78 

stress related proteins and changes in growth and development (Skirycz and 79 

Inzé, 2010; Osakabe et al., 2014). Rapid stomatal closure, expression of stress 80 

related genes and developmental changes in response to water deficiency are 81 

mediated primarily by the stress hormone abscisic acid (ABA; Cutler et al., 82 

2010). Several studies suggested that the ABA-antagonist hormone, gibberellin 83 

(GA), has also role in these responses (Colebrook et al. 2014).  84 

GA regulates numerous developmental processes throughout the life cycle of 85 

the plant, from germination to fruit development (Davière and Achard, 2013). 86 

All GA responses are suppressed by the nuclear DELLA proteins (Locascio et 87 

al., 2013; Livne et al., 2015). GA binding to its receptor GIBBERELLIN-88 

INSENSITIVE DWARF1 (GID1) increases the affinity of the latter to DELLA.  89 

The formation of the GID1-GA-DELLA complex recruits an F-Box protein 90 

SLEEPY1 (SLY1) to DELLA, leading to DELLA polyubiquitination and 91 

degradation in the proteasome (Harberd et al., 2009). This initiates 92 

transcriptional reprograming and activation of GA responses (Hauvermale et 93 

al., 2012).  94 

GID1 was first discovered in rice, and the rice mutant gid1-1 is extremely dwarf 95 

and insensitive to GA (Ueguchi-Tanaka et al., 2005). While rice, similarly to 96 

other monocots, has a single GID1 gene, Arabidopsis has three homologues 97 

with partially overlapping functions (Griffiths et al., 2006; Nakajima et al., 2006).  98 

Similarly, tomato (Solanum lycopersicum) has three GA receptors; GID1a, 99 

GID1b1 and GID1b2. These receptors exhibit high redundancy under optimal 100 

controlled growth conditions, but under extreme ambient conditions, all three 101 

are required for robust growth (Illouz-Eliaz et al., 2019). While gid1b1 and 102 

gid1b2 single mutants do not show clear phenotype, gid1a is slightly shorter 103 

with darker green leaves. GID1a is the dominant GA receptor in the regulation 104 

of germination, stem elongation and leaf expansion and exhibits the highest 105 
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affinity to the single tomato DELLA protein PROCERA (PRO, Illouz-Eliaz et al., 106 

2019).  107 

Recent studies have shown that altering GA levels or signal, improve plant 108 

tolerance to water-deficit stress (Colebrook et al., 2014). Inhibition of GA 109 

biosynthesis by paclobutrazol (PAC) increased tolerance to water deficiency in 110 

cereals (Plaza-Wuthrich et al., 2016) and tomato (Pal et al., 2016). Ectopic 111 

expression of MhGAI1 (the tea crabapple DELLA gene) in tomato, promotes 112 

drought tolerance (Wang et al. 2011). Inhibition of GA activity in tomato by 113 

overexpressing the Arabidopsis GA METHYL TRANSFERASE 1 (AtGAMT1) 114 

gene or the gain-of-function stable DELLA mutant gene pro∆17, reduced whole 115 

plant transpiration and improved resistance to drought (Nir et al., 2014; Nir et 116 

al., 2017). Several possible mechanisms for this stress tolerance were 117 

suggested, including  indirect effects on transpiration due to reduced plant size 118 

(Magome et al., 2008; Achard et al., 2006) and direct effect on transpiration, 119 

due to increased response to ABA in guard cell and rapid stomatal closure (Nir 120 

et al., 2017). Low GA activity also led to the activation of various stress-related 121 

genes (Wang et al., 2008; Tuna et al., 2008) and the accumulation of osmolytes 122 

(Omena-Garcia et al., 2019). GA also affects vascular development; it promotes 123 

xylem expansion and secondary vascular development (Ragni et al, 2011; 124 

Dayan et al., 2012; Aloni, 2013). Xylem vessel area can affect hydraulic 125 

conductance and water status in response to environmental changes (Melcher 126 

et al, 2012; Brodribb, 2009).  127 

GA has a pleotropic effect on plant development. Since the three tomato GA 128 

receptors exhibit high redundancy in the regulation of growth, we examined 129 

here if mutation in a single GID1 can improve drought tolerance without 130 

affecting growth and productivity. Our results show that mild attenuation of GA 131 

activity due to the loss of GID1a was sufficient to reduce whole plant 132 

transpiration and water loss under water-deficit conditions without affecting 133 

plant growth. They also suggest that low GA activity affects transpiration by 134 

multiple mechanisms; it inhibits leaf growth, promotes stomatal closure, and 135 

reduced xylem vessels proliferation and expansion and therefore hydraulic 136 

conductivity.  137 

 138 
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 139 

Materials and methods  140 

Plant materials and growth conditions  141 

Tomato cv M82 (sp-/sp-) plants were used throughout this study. The CRISPR-142 

Cas9 gid1 and sly1 mutants (Illouz-Eliaz et al., 2019) were in the M82 143 

background. Plants were grown in a growth room set to a photoperiod of 12/12-144 

h night/days, light intensity )cool-white bulbs) of ~250 μmol m-2 s-1, and 25°C. 145 

In other experiments, plants were grown in a greenhouse under natural day-146 

length conditions, light intensity of 700 to 1000 µmol m-2 s-1 and 18-30°C. In the 147 

summer (April to August) of 2019 gid1 single mutant lines and M82 were grown 148 

in an open field under ambient conditions (Acre, Israel).  149 

Tomato SLY1 CRISPR/Cas9 mutagenesis, plant transformation and 150 

selection of mutant alleles. 151 

Two single-guide RNAs (sgRNAs, Supplemental Table 1) were designed using 152 

the CRISPR-P tool (http://cbi.hzau.edu.cn/crispr). Vectors were assembled 153 

using the Golden Gate cloning system as described in Weber et al. (2011). Final 154 

binary vector, pAGM4723, was introduced into Agrobacterium tumefaciens 155 

strain GV3101 by electroporation. The construct was transferred into M82 156 

cotyledons using transformation and regeneration methods described by 157 

McCormick (McCormick, 1991). Kanamycin-resistant T0 plants were grown and 158 

transgenic lines were selected and self-pollinated to generate homozygous 159 

transgenic lines. For genotyping of the transgenic lines, genomic DNA was 160 

extracted, and each plant was genotyped by PCR for the presence of the Cas9 161 

construct. The CRISPR/Cas9-positive lines were further genotyped for 162 

mutations in SlSLY (Solyc04g078390) using a forward primer to the left of the 163 

sgRNA1 target sequence and a reverse primer to the right of the sgRNA2 target 164 

sequence.  165 

Relative water content (RWC) determination 166 

Leaf RWC was measured as follows: fresh leaf weight (FW) was measured 167 

immediately after leaf detachment. Leaves were then soaked for 8 h in 5 mM 168 

CaCl2 in the dark at room temperature, and the turgid weight (TW) was 169 
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recorded. Dry weight (DW) was recorded after drying the leaves at 70°C for 48 170 

h. RWC was calculated as (FW− DW)/(TW − DW) x 100 (Sade et al., 2009). 171 

Measurements of stomatal index and density  172 

Stomatal index (stomatal number/total number of epidermal cells) and stomatal 173 

density were determined using the rapid imprinting technique (Geisler et al., 174 

2000). This approach allowed us to reliably and simultaneously score hundreds 175 

of stomata from each experiment. Briefly, vinylpolysiloxane dental resin 176 

(eliteHD+; Zhermack Clinical) was attached to the abaxial side of the leaf, dried 177 

for 1 min, and then removed. The resin epidermal imprints were covered with 178 

transparent nail polish, which was removed once it dried and served as a mirror 179 

image of the resin imprint. The nail polish imprints were placed on glass cover 180 

slips and photographed under a model 1M7100 bright-field inverted microscope 181 

(Zeiss, Jena, Germany) with a mounted Hitachi HV-D30 CCD camera (Japan).  182 

Measurement of Leaf Area  183 

Total leaf area was measured in six weeks-old M82, gid1a and gid1a gid1b2 184 

plants, using a model Li 3100 leaf area meter (LI-COR Biosciences, Lincoln, 185 

NE, USA). 186 

Whole-plant transpiration, transpiration rate and whole canopy 187 

conductance measurements  188 

Whole-plant transpiration ratewas determined using an array of lysimeters 189 

placed in the greenhouse (Plantarry 3.0 system; Plant-DiTech) in the "iCORE 190 

Center for Functional Phenotyping"  191 

(http://departments.agri.huji.ac.il/plantscience/icore.phpon), as described in 192 

detail by Halperin et al. (2017). Briefly, plants were grown in 4L pots under semi-193 

controlled temperature conditions (20–32°C night/day), natural day-length, and 194 

light intensity of approximately 1000 µmol m-2 s-1. Each pot was placed on a 195 

temperature-compensated load cell with digital output (Vishay Tedea-196 

Huntleigh) and sealed to prevent evaporation from the surface of the growth 197 

medium. The weight output of the load cells was monitored every 3 min. The 198 

data were analyzed using SPACanalytics (Plant-Ditech) software to obtain the 199 

following whole-plant physiological traits :Daily plant transpiration (weight loss 200 

between predawn and sunset) was calculated from the weight difference 201 
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between the two data points. Whole canopy conductance (Gsc) was calculated 202 

by dividing E (transpiration rate/plant weight) by vapor pressure deficit (VPD).  203 

The plant daily weight gain (ΔPWn) between consecutive days was:  204 

    1n n nPW W W   
              [1] 205 

where Wn and Wn-1 are the container weights upon drainage termination on 206 

consecutive days, n and n-1. Following Eq. 2, the weight on day n is the sum of 207 

plant weight on day n-1 and the weight gain ΔPWn-1  208 

   1n n nPW PW PW 
                [2] 209 

  The whole-plant WUE during a defined period was determined by the ratio 210 

between the sum of the daily plant fresh-weight gain (ΔPW) and water 211 

consumed throughout this period (comulitative daily transpiration -PDT): 212 

    

n

n

PW
WUE

PDT




                                [3] 213 

Isolation of guard cells for qRT-PCR analysis  214 

Guard cells from tomato leaves were isolated according to Nir et al. (2017). 215 

Briefly, 20 g of fully expanded leaves without the veins were ground twice in a 216 

blender in  100ml cold distilled water, each time for 1 min. The blended mixture 217 

was poured onto a 200-µm mesh (Sefar AG, Heiden, Switzerland) to remove 218 

mesophyll and broken epidermal cells. The remaining epidermal peels were 219 

rinsed thoroughly with deionized water. The peels were then transferred into 220 

10-ml buffer (Araújo et al., 2011) containing the enzyme CELLULYSIN cellulase 221 

from Trichoderma viride (Calbiochem, La Jolla, CA, USA) and digested for 1 h 222 

at a shaking speed of 150 rpm. This enzymatic treatment digests pavement 223 

cells, but not guard cells (Wang et al., 2011). The digested material was poured 224 

again onto a 200-µm mesh placed in a tube and rinsed thoroughly with digestion 225 

buffer (without the enzyme). To remove residues of buffer and cell particles, the 226 

tubes were centrifuged at 4ºC for 5 min at 2200 rpm. Samples of digested 227 

epidermal strips were stained with neutral red, and cell vitality was examined 228 

microscopically (Nir et al., 2017). 229 

 230 
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qRT-PCR analysis  231 

qRT-PCR analysis was performed using an Absolute Blue qPCR SYBR Green 232 

ROX Mix (AB-4162/B) kit (Thermo Fisher Scientific, Waltham, MA USA). 233 

Reactions were performed using a Rotor-Gene 6000 cycler (Corbett Research, 234 

Sydney, Australia). A standard curve was obtained using dilutions of the cDNA 235 

sample. The expression was quantified using Corbett Research Rotor-Gene 236 

software. Three independent technical repeats were performed for each 237 

sample. Relative expression was calculated by dividing the expression level of 238 

the examined gene by that of ACTIN. Primer sequences are presented in 239 

Supplemental Table 1.  240 

Measurements of hydraulic conductance 241 

Measurements of volumetric flow-rate, to determine hydraulic conductance, 242 

were performed according to Melcher et al. (2012) with some modifications. 243 

Three cm long segments were dissected from the stems from the same 244 

location. The top of the segments were connected via silicone tubing to pipet 245 

containing 15mM KCl, and mounted vertically, while the bottom end of the stem 246 

was connected to a drainage tube. To calculate the hydraulic conductance (K') 247 

we have used the following equation:  248 

                                                                       [4] 249 

The volume of fluid, which passed through the stem during a constant time 250 

interval was measured to calculate the volumetric flow rate (Q; mmol H2O/sec), 251 

L- length of the stem segment (m), ΔP – pressure (the driving force, MPa, 252 

calculated by the hydraulic-head height).  All dissections and connection of the 253 

apparatus were performed under water to avoid embolism.  254 

Microscopic analysis of the xylem  255 

 Stem or petiole segments were manually dissected to thin cross-section slices 256 

using a razor blade. The cross sections were then stained using a modified 257 

Weisner reaction (Pradhan Mitra and Loqué, 2014), which stains the lignin in 258 

the xylem vessels. The stained cross sections were examined under a LEICA 259 
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ICC50W light microscope. The images were then manually analyzed, using 260 

ImageJ software (http://rsb.info.nih.gov/ij/), xylem vessel area, diameter and 261 

number were measured.  262 

Calculation of theoretical specific hydraulic conductivity (Kts)  263 

To evaluate xylem specific hydraulic conductivity, we used the modified Hagen-264 

Poiseuille equation (Tyree and Ewers, 1991) which calculates the theoretical 265 

hydraulic conductivity (Kt; mmol m MPa-1 s-1) of a bundle assuming perfectly 266 

cylindrical pipes:  267 

                                                                                   [5] 268 

Where d is the vessels diameter, ρ is the fluid density in kg x m-3, η is the fluids 269 

dynamic viscosity in MPa s-1, and n is the number of pipes in the bundle. The 270 

theoretical specific hydraulic conductivity (Kts; mmol m-1 s-1 MPa-1) was 271 

calculated by normalizing Kt to leaf area (LA) (Hochberg et al., 2015): 272 

                                                                                  [6] 273 

Leaf area was calculated by scanning the foliage (LaserJet pro 400 MFP 274 

M475dw), and measuring the leaf area with ImageJ (http://rsb.info.nih.gov/ij/). 275 

 276 

Results 277 

The loss of GID1 reduced water loss and whole plant transpiration under 278 

water-deficit conditions 279 

To examine the contribution of the three GID1 receptors to plant water status, 280 

we first compared the rate of water loss in M82 and all single and double gid1 281 

mutants under water-deficit conditions. All plants were grown until they 282 
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produced five expanded leaves, after which irrigation was stopped and the soil 283 

was allowed to dry out progressively. After 7 days, non-irrigated M82, gid1b1, 284 

gid1b2 and the double mutant gid1b1 gid1b2 plants began to wilt, whereas 285 

gid1a, gid1a gid1b1 and gid1a gid1b2 lines remained turgid. At this time point, 286 

we measured relative water content (RWC) of the leaves. RWC in M82, gid1b1, 287 

gid1b2 and gid1b1 gid1b2 was reduced (compared to irrigated plants) by 288 

approximately 20%, while in gid1a, gid1a gid1b1 and gid1a gid1b2 RWC was 289 

similar to the irrigated plants (Fig. 1A). We continued the drought treatment to 290 

M82 and gid1a gid1b2 plants and after three more days, gid1a gid1b2 plants 291 

also wilted. Four days later, plants were rehydrated and their ability to recover 292 

was monitored. M82 plants failed to recover, but gid1a gid1b2 plants fully 293 

recovered and necrotic lesions were found only on several leaves (Fig. 1B). 294 

These results suggest that the loss of GID1, similar to increased DELLA activity 295 

(Nir et al., 2017), reduces water loss under water deficit conditions. They also 296 

propose that GID1a has the most prominent role in this process. 297 

Leaf area in four-weeks-old gid1a gid1b2 was smaller, but in gid1a, similar to 298 

M82 (Fig. 2A).  Since gid1a exhibited reduced water loss but similar leaf area 299 

to M82, we further focus on this line. We first analyzed microscopically the 300 

abaxial leaf epidermal tissues of M82 and gid1a. We did not find significant 301 

differences in stomatal index (Supplementary Fig. S1A), suggesting that the 302 

loss of gid1a does not change the ratio between pavement cells and guard cells. 303 

Also stomatal density was not affected by the mutation (Supplementary Fig. 304 

S1B), suggesting that the total number of stomata in gid1a is similar to M82. 305 

Previously we showed that all double mutants exhibit reduced whole plant 306 

transpiration (Illouz-Eliaz et al., 2019). Here we examined whole-plant 307 

transpiration in irrigated M82 and gid1a mutant plants grown in a greenhouse 308 

using an array of load cells (lysimeters) which simultaneously followed the daily 309 

weight loss of each plant (Nir et al., 2017). Daily transpiration, transpiration rate 310 

and whole canopy conductance of gid1a were significantly lower than that of 311 

M82 (Fig. 2B,C,D). Since transpiration of gid1a was lower than M82 but their 312 

growth was similar, the water use efficiency (WUE) of gid1a was higher than 313 

that of M82 (Fig. 2E). These results imply that mutations in GA receptors 314 

promote stomatal closure similar to the effect of stable DELLA overexpression 315 
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(35S:proΔ17, Nir et al., 2017).  We therefore tested if the three GID1s are 316 

expressed in guard cells. To this end, we isolated guard cells from M82 and 317 

analyzed the expression of the three genes in guard-cell enriched samples.  All 318 

GID1 genes were expressed in guard cells and GID1a exhibited the highest 319 

expression (Fig. 2F).  320 

Next we tested the effect of water-deficit conditions on transpiration rate in M82 321 

and gid1a plants. After two weeks of growth on the lysimeters, we gradually 322 

reduced irrigation (each day by 50%) to expose M82 and gid1a plants to water-323 

deficit conditions. In the first four days of the water-deficit treatment, 324 

transpiration rate in M82 was higher than in gid1a (Fig. 3A). However, at day 6, 325 

as water availability in the pots become a limiting factor, transpiration rate of 326 

M82 rapidly declined. On the other hand, transpiration of gid1a declined slower 327 

and continued for a few more days. When daily transpiration of each individual 328 

plant reached a minimum volume of 50 ml/day, irrigation was stopped 329 

completely. After three days of complete drought, we rehydrated the plants and 330 

plant recovery was monitored. Recovery was evaluated by the time required for 331 

each plant to return to full transpiration (the level of transpiration measured just 332 

before the beginning of the drought treatment; Negin and Moshelion, 2017).  333 

While gid1a plants were fully recovered within 3 days, M82 plants did not 334 

recover completely even after 10 days of irrigation (Fig. 3B).  335 

GID1 activity promote xylem vessel proliferation and hydraulic 336 

conductivity 337 

We next explored if the loss of GA receptors affects additional factors that can 338 

be attributed to transpiration limitation. Previously we showed that mutation in 339 

GID1a inhibits root growth (Illouz-Eliaz et al., 2019). We therefore tested if the 340 

root system of the strongest double mutant gid1a gid1b2 limits water uptake 341 

and water loss under water-deficit conditions. To eliminate the effect of the 342 

shoot, we grafted M82 scions on gid1a gid1b2 and M82 rootstocks. Grafted 343 

plants were grown for two weeks under normal irrigation and then irrigation was 344 

stopped for dehydration. After four days, when plants started wilting, leaf RWC 345 

was measured. We did not find differences in the RWC between plants grafted 346 

on gid1a gid1b2 or M82 rootstocks (Figure 4A). Moreover, all plants, regardless 347 
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their rootstocks, wilted at the same time (Fig. 4B). These results suggest that 348 

gid1 roots do not affect the rate of water loss under water-deficit conditions. 349 

Since GA promotes secondary vascular development (Ragni et al, 2011; Dayan 350 

et al., 2012; Aloni, 2013), we examine if the loss of GID1s affects xylem 351 

development and hydraulic conductance. We first analyzed the xylem vessels 352 

in the leaf petioles of M82 and gid1a (leaf no. 4, top down). Microscopic analysis 353 

of total vessel area showed ca. 10% reduction in gid1a (Figure 5A). The 354 

reduced total xylem area was a results of reduced number of vessels (Figure 355 

5B). We next evaluated how the reduced vessel number affects hydraulic 356 

conductance. To this end, we first calculated the specific theoretical hydraulic 357 

conductance of the xylem vessels in M82 and gid1a, using the Hagen-Poiseuille 358 

equation (Tyree and Ewers, 1991) and normalized it to the supported leaf area 359 

(Hochberg et al., 2015). The specific theoretical hydraulic conductivity of gid1a 360 

was ca. 23% lower than that of M82 (Fig. 5C). We then tested the actual 361 

hydraulic conductance, by measuring volumetric-flow rate in detached stem 362 

segments, taken from M82 and gid1a (Melcher et al., 2012). Hydraulic 363 

conductance of gid1a stems was ca. 20% lower than that of M82 (Fig. 5D). We 364 

also analyzed the stem vessel area and number in four-weeks-old M82 and 365 

gid1a plants. Total stem vessel area was 35% lower in gid1a due to 32% 366 

reduction in the number of xylem vessels (Fig. 5E and F, Supplementary Fig. 367 

S2A). The loss of GID1a did not affect xylem vessel expansion and the average 368 

area of individual xylem vessel in gid1a was similar to that in M82 369 

(Supplementary Fig. S2B). To test if this is a general response to reduced GA 370 

activity, we analyzed xylem vessels and hydraulic conductance in transgenic 371 

plants overexpressing the stable DELLA protein proΔ17 (35:proΔ17, Nir et al., 372 

2017).  It should be noted that the inhibition of GA activity in 35:proΔ17 is much 373 

stronger than in gid1a. The number of vessels in 35:proΔ17 was 63% lower 374 

than in M82 (Supplementary Fig. S3A and B). In these transgenic plants, the 375 

reduced GA activity affected also vessel size and the average size of individual 376 

vessel was 26% lower than in M82 (Supplementary Fig. S3C). Total vessel area 377 

in 35:proΔ17 was ca. 70% lower than in M82 and hydraulic conductance 378 

(volumetric flow rate) ca. 80% lower (Supplementary Fig. S3D and E).  379 
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To study further the effect of GA on xylem vessel development, we examined 380 

plant with even stronger reduction in GA activity. To this end, we have 381 

generated a CRISPR-Cas9 derived sly1 mutant. SLY1 is the F-box that targets 382 

DELLA for degradation. Similar to Arabidopsis and rice, tomato has a single 383 

SLY1, (SlSLY1, Solyc04g078390, Liu et al., 2016). The mutations were 384 

analyzed by PCR and sequenced (Supplementary Fig. S4A). Homozygous 385 

mutant was obtained and the Cas9 construct was segregated out by back-386 

crossing to M82.  sly1 has a single nucleotide insertion causing a frame shift 387 

prior to the LSL domain (Supplementary Fig. S4B), which is essential for the 388 

interaction with DELLA (Hirano et al., 2010). The homozygous sly1 exhibited 389 

severe dwarfism and small dark-green leaves (Fig. 6A). Sly1 exhibited 390 

insensitivity to exogenous treatment with 100μM GA3 (Supplementary Fig. 391 

S4C), suggesting strong inhibition of GA responses. To examine the effect of 392 

the reduced GA activity on xylem vessel development, we analyzed 393 

microscopically petioles of sly1 and M82. Since sly1 develops very slowly, we 394 

analyzed sly1 and M82 petioles with similar diameter (the mutant leaves were 395 

much older). Figure 6B shows fewer and much smaller vessels in sly1 compare 396 

to M82.   These results suggest that reduced GA activity suppresses xylem 397 

vessel proliferation and expansion and these affect hydraulic conductance and 398 

probably limit transpiration.  399 

gid1a in the field  400 

We tested if the lower transpiration of the gid1 mutant lines has advantage in 401 

the field, under drought conditions. M82 and all single mutant lines were planted 402 

in an open commercial field and the experiment was designed according to Gur 403 

and Zamir (2004). Fifteen plants from each line (M82, gid1a, gid1b1 and gid1b2) 404 

were planted randomly and were irrigated normally throughout the experiment. 405 

Fifteen other plants of each line were irrigated normally for three weeks and 406 

then irrigation was stopped until harvesting (approximately three more months). 407 

It should be noted that during the drought treatment (May to August- Acre, 408 

Israel) no rain was recorded. Under normal irrigation regime, all single gid1 409 

mutant lines exhibited reduced growth compared to M82 (fresh weight, Fig. 7A). 410 

This loss of redundancy and semi-dwarfism of the gid1s under ambient 411 

conditions was reported by us before (Illouz-Eliaz et al., 2019).  Despite this 412 
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growth suppression, the single gid1 mutant had similar fruit yield to M82 (green 413 

and red fruit, Fig. 7B). The drought treatment had stronger effect on M82 growth 414 

(as can be seen from the vegetative weight loss) compared to gid1s plants. 415 

However, M82 plants showed slightly higher vegetative fresh weight under 416 

drought conditions compared to all three gid1 single mutants (Fig. 7A). The 417 

reduction in fruit yield under water-deficit conditions was similar in all lines 418 

(approximately 50% in M82 and all single gid1 mutants, Fig. 7B). Lastly, we 419 

evaluated the parameter of harvest index (total yield per plant weight) for each 420 

line. gid1a showed significantly higher value of harvest index than all other lines, 421 

including M82 (Fig. 7C).  422 

Discussion  423 

Abiotic stresses, including drought, reduces GA levels and suppress plant 424 

growth (Colebrook et al., 2014). The reduced GA activity promotes tolerance to 425 

drought (Nir et al., 2017).  Several possible mechanisms of how GA improve 426 

tolerance and/or drought avoidance were proposed, including  reduced 427 

transpiration due to reduced plant size (Magome et al., 2008; Achard et al., 428 

2006, Nir et al., 2014) and activation of various stress-related genes (Wang et 429 

al., 2008; Tuna et al., 2008). In tomato, reduced GA activity also promotes 430 

stomatal closure and reduces water loss under water-deficit conditions (Nir et 431 

al., 2014; Nir et al., 2017). It was suggested that accumulating DELLA (due to 432 

the reduced GA levels) promotes ABA responses in guard cells.  433 

Low GA activity has a pleotropic effect on plant development. Since the three 434 

tomato GA receptors, GID1s have overlapping activities and high redundancy 435 

under normal growth conditions (Illouz-Eliaz et al., 2019), we examined here if 436 

mutation in GID1 can improve water status under water-deficit conditions, 437 

without affecting growth and yield. Mutation in the most dominant GA receptor 438 

GID1a and its double mutants, gid1a gid1b1 and gid1a gid1b2 exhibited lower 439 

whole plant transpiration and reduced water loss under controlled water-deficit 440 

conditions (Fig. 2 and Illouz-Eliaz et al., 2019). The lower transpiration in gid1a 441 

gid1b2 can be explained simply by the reduction in plant size. However, leaf 442 

area, stomatal density and stomatal index were not affected in gid1a. Thus, the 443 

reduced transpiration in this mutant probably resulted from reduced stomatal 444 

conductance.  445 
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Reduced hydraulic conductance of the xylem vessels leads to lower stomatal 446 

conductance and therefore, to reduced transpiration (Brodribb and Holbrook, 447 

2003; Brodribb, 2009; Melcher et al., 2012). In Arabidopsis, GA promotes 448 

xylem-area expansion, due to secondary xylem differentiation (Ragni et al., 449 

2011; Aloni, 2013). In tobacco stems, GA promotes cambial proliferation and 450 

secondary vascular development (Dayan et al., 2012). Here we show that mild 451 

suppression of GA activity in gid1a reduced xylem vessels number, which may 452 

explain the lower hydraulic conductance. In stronger GA lines (35S:proΔ17 and 453 

sly1 mutant) we found reduced number of vessels and reduced vessel size. 454 

The reduced number and size of vessels correlated well with the reduced GA 455 

activity (M82>gid1a>35S:proΔ17>sly1). Thus, we suggest that decreased GA 456 

activity affect transpiration by multiple mechanisms; it reduces leaf area by 457 

inhibition of cell division and elongation, directly promotes stomatal closure by 458 

increasing ABA responses in guard cells (Nir et al., 2017) and indirectly, by 459 

reducing hydraulic conductance due to reduce xylem vessel number and size. 460 

While the mild attenuation of the GA signal in gid1a was not sufficient to inhibit 461 

stem elongation and leaf expansion, it was severe enough to suppress xylem 462 

vessel differentiation. This indicates that xylem vessel differentiation is 463 

extremely sensitive to changes in GA levels.  464 

The lower transpiration found in the different GA mutants suggest that the 465 

improve performance of these lines under transient water deficit conditions is 466 

caused by drought avoidance (Kooyer, 2015). In the field however, the gid1s 467 

did not show advantage over the wild type M82 under drought conditions (fruit 468 

yield). Roots respond to water potential gradient and grow towards higher 469 

moisture content, a phenomenon called hydrotropism (Dietrich, 2018). In the 470 

field, the substantially larger root-zone increase the soil water reservoir, 471 

enabling roots to find new sources of moister. Thus, the plants sustained longer 472 

periods of water deficit conditions and were less dependent on the rate of 473 

transpiration.  474 

While gid1a plants exhibited normal development in growth room, they were 475 

semi-dwarf in the field. This loss of redundancy under ambient conditions was 476 

demonstrated by us before; under extreme environmental conditions the activity 477 

of all three GID1s is required for robust growth (Illouz-Eliaz et al., 2019). 478 

Surprisingly, the decreased in growth of gid1a in the field did not affect fruit yield 479 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 6, 2020. ; https://doi.org/10.1101/2020.01.06.895011doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.895011


17 
 

under both well-watered and water-deficit conditions and therefore, these plants 480 

showed the highest harvest index (fruit weight/plant fresh weight). Similarly, 481 

reduced GA activity suppresses growth but not yield in the 'green revolution' 482 

cereal varieties (Hedden, 2003; Harberd et al., 2009). These suggest that 483 

partial reduction in GA activity can restrict growth without affecting productivity. 484 

Harvest index is an important agronomic trait; it allows planting at higher density 485 

to obtain higher yield per unit area (Gifford and Evans, 1981). Thus, gid1a allele 486 

may be used to increase yield in cultivars with low harvest index. The potential 487 

of using the gid1a allele in breeding for higher yield requires further study.   488 

 489 

 490 

 491 

Supplementary data 492 

Supplementary Table S1. List of primers and sgRNAs used in this study. 493 

Supplementary Fig. S1. Stomatal density and index in M82 and gid1a. 494 

Supplementary Fig. S2. Stem xylem vessel number and area in M82 and gid1a.  495 

Supplementary Fig. S3. Xylem proliferation and expansion in 35:proΔ17. 496 

Supplementary Fig. S4. Analysis of the CRISPR-Cas9 derived sly1 mutant. 497 
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Figure legends 

Fig. 1. The gid1s exhibit reduced water loss under water-deficit conditions. A. 

Average leaf relative water content (RWC) of control M82 and gid1 single and 

double mutants grown with or without irrigation for 7 days ± SE.  Values are 

means of eight replicates ± SE. B. Representative M82 and gid1a gid1b2 plants 

grown under normal irrigation regime (+irrigation) or without irrigation for 7 days. 

After 14 days without irrigation, plants were rehydrated and recovery was 

assessed after 10 days. 

Fig. 2. Loss of GID1a reduced whole plant transpiration. A. Total leaf area of 

control M82, gid1a and gid1a gid1b2 six-weeks-old plants. Values are mean of 

9 plants ± SE. Small letters represent significant differences between the lines 

(Student's t test, P<0.05).  B. Whole plant daily transpiration of M82 and gid1a. 

Plants were placed on lysimeters and pot (pot + soil + plant) weight was 

measured every 3 min. Values are means of 13 plants ± SE. Each set of letters 

above the columns represents significant differences between respective 

treatments (Student's t test, P<0.05).  C. Whole-plant transpiration rate over the 

course of 12 h (06:00 AM to 06:00 PM). Values are means of 13 plants ± SE. 

D. Whole canopy conductance (Gsc) of M82 and gid1a (calculated by dividing 

E (transpiration rate/plant weight) by vapor pressure deficit (VPD). Values are 

means of 13 plants ± SE.. E. Whole plant water use efficiency (WUE) of M82 

and gid1a was calculated as the ratio between plant growth and 

transpirationData (taken from 13 different plants) are graphically presented as 

whisker and box plots. F. qRT-PCR analysis of GID1 expression in M82 isolated 

guard cells. Values are means of three biological replicates ± SE. 

Fig. 3. Loss of GID1a reduces transpiration under water deficit conditions. A. 

Transpiration rate in M82 and gid1a under water limited conditions. After two 

weeks of irrigation on the lysimeters, irrigation was gradually reduced (50% of 

the previous day transpiration, automatically controlled by the system for each 

plant separately) until it was completely stopped. Transpiration rate in selected 

representative days during the water deficit treatment are presented; 2 days 
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before the beginning of the water-deficit treatment (-2) and 2, 6 and 10 days 

into the drought treatment. Values are means of eight plants ± SE. B. Recovery 

of M82 and gid1a from the drought treatment. Recovery was evaluated by the 

time required for each plant to return to the level of transpiration measured just 

before the beginning of the water-deficit treatment. Values are means of eight 

plants ± SE. Numbers above columns represent the percentage from maximum 

transpiration (see above). 

Fig. 4. Grafting of M82 scions on M82 or gid1a gid1b2 rootstocks. Grafted 

plants were grown for two weeks under normal irrigation (+irrigation) and then 

irrigation was stopped for dehydration (-irrigation). A. After four days, when 

plants started wilting, leaf RWC was measured. Values are mean of 6 plants ± 

SE. Small letters represent significant differences between the lines (Student's 

t test, P<0.05).  B. After seven days of the water-deficit treatment representative 

plants were photographed and are presented.  

Fig. 5. The loss of GID1a reduces xylem vessel proliferation and hydraulic 

conductance. A. Total xylem vessel area and B, xylem vessels number in the 

base of the leaf petioles of M82 and gid1a (leaf no. 4, top down). C.  Theoretical 

specific hydraulic conductance (Kts) of the xylem vessels in M82 and gid1a. For 

calculation of Kt, the Hagen-Poiseuille equation (Tyree and Ewers, 1991) was 

used. To calculate Kts, Kt was normalized to the supported leaf area (Hochberg 

et al., 2015). D. Volumetric-flow rate was measured in detached stem 

segments, taken from four-weeks-old  M82 and gid1a plants to calculate the 

actual hydraulic conductance (K'). E. Total xylem vessel area in M82 and gid1a 

stems. Data in A, B, C D and E (taken from 6 different plants) are graphically 

presented as whisker and box plots. E. Representative stem (as in C) cross-

sections of M82 and gid1a stained with Wiesner stain. Scale bar = 100 μm. 

Figure 6. Loss of SlSLY1 suppressed xylem vessel proliferation and expansion. 

A. Two-month-old M82 and representative CRISPR-Cas9 derived sly1 mutant. 

Scale bar = 3 cm.  B. Representative petiole cross-sections of M82 and sly1 

stained with Wiesner stain. sly1 and M82 petioles with similar diameter (the 

mutant leaves were much older) were microscopically analyzed. Scale bar = 

100 μm. 
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Fig. 7. gid1a plants exhibit high harvest index in the field under irrigation and 

drought conditions. M82 and all single gid1 mutant were planted in the field, 

Plants from each line were planted randomly and were irrigated normally 

throughout the experiment. Half of the plants of each line were irrigated 

normally for three weeks and then irrigation was stopped until harvesting 

(approximately three more months). A. Plant vegetative fresh weight (after 

removal of all fruits) at harvest. B. Total fruit yield (green and red fruits). C. 

Harvest index (total yield to vegetative fresh weight). Data in A, B, and C (taken 

from 15 different plants) are graphically presented as whisker and box plots. 
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Figures 

 

 

Fig. 1. The gid1s exhibit reduced water loss under water-deficit conditions. A. 

Average leaf relative water content (RWC) of control M82 and gid1 single and 

double mutants grown with or without irrigation for 7 days ± SE.  Values are 

means of eight replicates ± SE. B. Representative M82 and gid1a gid1b2 plants 

grown under normal irrigation regime (+irrigation) or without irrigation for 7 days. 

After 14 days without irrigation, plants were rehydrated and recovery was 

assessed after 10 days. 
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Fig. 2. Loss of GID1a reduced whole plant transpiration. A. Total leaf area of 

control M82, gid1a and gid1a gid1b2 six-weeks-old plants. Values are mean of 

9 plants ± SE. Small letters represent significant differences between the lines 

(Student's t test, P<0.05).  B. Whole plant daily transpiration of M82 and gid1a. 

Plants were placed on lysimeters and pot (pot + soil + plant) weight was 

measured every 3 min. Values are means of 13 plants ± SE. Each set of letters 

above the columns represents significant differences between respective 

treatments (Student's t test, P<0.05).  C. Whole-plant transpiration rate over the 

course of 12 h (06:00 AM to 06:00 PM). Values are means of 13 plants ± SE. 

D. Whole canopy conductance (Gsc) of M82 and gid1a (calculated by dividing 

E (transpiration rate/plant weight) by vapor pressure deficit (VPD). Values are 

means of 13 plants ± SE.. E. Whole plant water use efficiency (WUE) of M82 

and gid1a was calculated as the ratio between plant growth and 

transpirationData (taken from 13 different plants) are graphically presented as 

whisker and box plots. F. qRT-PCR analysis of GID1 expression in M82 isolated 

guard cells. Values are means of three biological replicates ± SE. 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 6, 2020. ; https://doi.org/10.1101/2020.01.06.895011doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.895011


29 
 

 

 

Fig. 3. Loss of GID1a reduces transpiration under water deficit conditions. A. 

Transpiration rate in M82 and gid1a under water limited conditions. After two 

weeks of irrigation on the lysimeters, irrigation was gradually reduced (50% of 

the previous day transpiration, automatically controlled by the system for each 

plant separately) until it was completely stopped. Transpiration rate in selected 

representative days during the water deficit treatment are presented; 2 days 

before the beginning of the water-deficit treatment (-2) and 2, 6 and 10 days 

into the drought treatment. Values are means of eight plants ± SE. B. Recovery 

of M82 and gid1a from the drought treatment. Recovery was evaluated by the 

time required for each plant to return to the level of transpiration measured just 

before the beginning of the water-deficit treatment. Values are means of eight 

plants ± SE. Numbers above columns represent the percentage from maximum 

transpiration (see above). 
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Fig. 4. Grafting of M82 scions on M82 or gid1a gid1b2 rootstocks. Grafted 

plants were grown for two weeks under normal irrigation (+irrigation) and then 

irrigation was stopped for dehydration (-irrigation). A. After four days, when 

plants started wilting, leaf RWC was measured. Values are mean of 6 plants ± 

SE. Small letters represent significant differences between the lines (Student's 

t test, P<0.05).  B. After seven days of the water-deficit treatment representative 

plants were photographed and are presented.  
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Fig. 5. The loss of GID1a reduces xylem vessel proliferation and hydraulic 

conductance. A. Total xylem vessel area and B, xylem vessels number in the 

base of the leaf petioles of M82 and gid1a (leaf no. 4, top down). C.  Theoretical 

specific hydraulic conductance (Kts) of the xylem vessels in M82 and gid1a. For 

calculation of Kt, the Hagen-Poiseuille equation (Tyree and Ewers, 1991) was 

used. To calculate Kts, Kt was normalized to the supported leaf area (Hochberg 

et al., 2015). D. Volumetric-flow rate was measured in detached stem 

segments, taken from four-weeks-old  M82 and gid1a plants to calculate the 

actual hydraulic conductance (K'). E. Total xylem vessel area in M82 and gid1a 

stems. Data in A, B, C D and E (taken from 6 different plants) are graphically 

presented as whisker and box plots. E. Representative stem (as in C) cross-

sections of M82 and gid1a stained with Wiesner stain. Scale bar = 100 μm. 
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Figure 6. Loss of SlSLY1 suppressed xylem vessel proliferation and expansion. 

A. Two-month-old M82 and representative CRISPR-Cas9 derived sly1 mutant. 

Scale bar = 3 cm.  B. Representative petiole cross-sections of M82 and sly1 

stained with Wiesner stain. sly1 and M82 petioles with similar diameter (the 

mutant leaves were much older) were microscopically analyzed. Scale bar = 

100 μm. 
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Fig. 7. gid1a plants exhibit high harvest index in the field under irrigation and 
drought conditions. M82 and all single gid1 mutant were planted in the field, 
Plants from each line were planted randomly and were irrigated normally 
throughout the experiment. Half of the plants of each line were irrigated 
normally for three weeks and then irrigation was stopped until harvesting 
(approximately three more months). A. Plant vegetative fresh weight (after 
removal of all fruits) at harvest. B. Total fruit yield (green and red fruits). C. 
Harvest index (total yield to vegetative fresh weight). Data in A, B, and C (taken 
from 15 different plants) are graphically presented as whisker and box plots. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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