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Abstract 67 
 68 
The study of phloem transport and its vital roles in long distance communication and carbon 69 

allocation have been hampered by a lack of suitable tools that allow high-throughput, real-70 

time studies. Esculin, a fluorescent coumarin glucoside, is recognised by sucrose transporters, 71 

including AtSUC2, which loads it into the phloem for translocation to sink tissues. These 72 

properties make it an ideal tool for use in live-imaging experiments where it acts as a 73 

surrogate for sucrose. Here we show that esculin is translocated with a similar efficiency to 74 

sucrose and, because of its ease of application and detection, demonstrate that it is an ideal 75 

tool for in vivo studies of phloem transport. We used esculin to determine the effect of 76 

different environmental cues on the velocity of phloem transport. We provide evidence that 77 

fluctuations in cotyledon sucrose levels influence phloem velocity rapidly, supporting the 78 

pressure-flow model of phloem transport. Under acute changes in light levels the phloem 79 

velocity mirrored changes in the expression of AtSUC2. This observation suggests that under 80 

certain environmental conditions, transcriptional regulation may affect the abundance of 81 

AtSUC2, and thus regulate the phloem transport velocity.  82 

  83 
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Introduction 84 
 85 

The phloem of higher plants consists of a highly developed network of specialized enucleate 86 

cells known as sieve elements (SEs), connected to their adjacent metabolically-supportive 87 

companion cells (CCs) by specialized plasmodesmata called Pore Plasmodesmata Units 88 

(PPUs; van Bel, 1996; Oparka and Turgeon, 1999; Heo et al., 2014). Sieve elements are 89 

connected end to end by perforated sieve plates, allowing long-distance translocation of 90 

photosynthetically derived assimilates and a wide-range of solutes, hormones, proteins and 91 

RNAs (Wardlaw, 1990; Molnar et al., 2010; Bishopp et al., 2011; Liu et al., 2012; Paultre et 92 

al., 2016). The phloem network of plants thus performs key roles in carbon allocation and in 93 

the long-distance movement of systemic macromolecules.  94 

 95 

The flow of the sucrose-rich sap in the phloem is thought to occur by mass flow, as originally 96 

envisaged by Münch (1930). Sugars, such as sucrose, are loaded into the SEs of the phloem 97 

in photosynthetically active tissues (sources). The high concentration of sucrose in these 98 

phloem cells osmotically attracts water from the xylem, increasing the hydrostatic pressure 99 

within SEs and driving flow from source to sink regions of the plant where the sucrose is 100 

unloaded and used in metabolism and growth. The removal of solutes and water from the 101 

sites of phloem unloading maintains an osmotic gradient along the SE files (sieve tubes) and 102 

creates the pressure differential required to drive long-distance flow (Knoblauch et al., 2016; 103 

Ross-Elliott et al., 2017). 104 

 105 

Sucrose can be loaded into the phloem either symplastically or apoplastically. In symplastic 106 

loading, sucrose reaches the companion cells through multiple plasmodesmata that connect 107 

them with the surrounding bundle sheath and parenchyma cells. It is either transported into 108 

the phloem by simple passive diffusion (diffusive loading), or converted into high-molecular 109 

weight polymers such as stachyose and raffinose (polymer-trapping), with subsequent 110 

movement through the large-diameter PPUs between CC and SE; (van Bel, 1996; Rennie & 111 

Turgeon, 2009). Apoplastic loaders, such as Arabidopsis (Arabidopsis thaliana), use active 112 

proton-mediated transport via SUCROSE TRANSPORTERS (SUTs) to load sucrose into the 113 

CC from the apoplast against a concentration gradient (Sauer, 2007; Rennie & Turgeon, 114 

2009). There are a number of SUTs and other sugar transporters present in Arabidopsis, but 115 

SUCROSE TRANSPORTER2 (AtSUC2) is expressed specifically in CCs and is responsible 116 
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for sucrose loading into the collection phloem in the minor veins of leaves (Truernit & Sauer, 117 

1995).  118 

Recently, the simplicity of the Münch pressure-flow hypothesis has been questioned, one 119 

argument being that the magnitude of hydrostatic pressure gradients in large trees may be too 120 

low to drive the observed rates of flow (Turgeon, 2010). However, newer experimental 121 

methods, incorporating mathematical modelling, have provided data in support of the original 122 

Münch model (Jensen et al., 2011; Knoblauch et al., 2016).  123 

 124 

Despite the fundamental importance of the phloem in assimilate distribution, basic questions 125 

remain as to how phloem transport responds to environmental changes. Indeed, considering 126 

the extensive literature on carbon partitioning in plants, there have been very few studies in 127 

which phloem transport velocity has been measured in planta. Since the 1970s, several 128 

studies have used 14C or 11C isotopes to measure rates of phloem transport in large plants. 129 

This was usually achieved by placing two or more Geiger-Muller (GM) tubes along the 130 

phloem pathway to track the movement of the radioactive solute front or by freeze-drying 131 

and exposing the tissue to autoradiographs (Christy and Fisher, 1978; Madore and Lucas, 132 

1987; Minchin and Thorpe, 2003). However, these studies had limited resolution and were 133 

not suitable for use on very small plants or seedlings, such as Arabidopsis. More recently, 134 

phloem transport has been investigated using Magnetic Resonance Imaging (MRI) techniques 135 

or refining the use of radioactive tracers such as 11C, for example, with the use of specialised 136 

hydroponic root chambers (Köckenburger et al., 1997; Peuke et al., 2001; Windt et al., 2006; 137 

Mullendore et al., 2010; Gould et al., 2012). However, these methods are expensive, time-138 

consuming, and lack the resolution needed to study phloem transport at the level of the SE 139 

(Gould et al., 2012; Ohmae, et al., 2013; Kölling et al., 2015). Fluorescent tracers, such as 140 

carboxyfluorescein diacetate (CFDA), which translocate in the phloem, were first described 141 

over twenty years ago (Grignon et al., 1989), but they have only rarely been used to measure 142 

the velocity of phloem transport and are more often used to confirm that phloem transport has 143 

simply occurred (Oparka et al., 1994; Wright and Oparka, 1996; Jensen et al., 2011; Savage 144 

et al., 2013).  145 

 146 

We recently described a range of fluorescent probes that are translocated in the phloem of 147 

Arabidopsis and which allow in-planta analysis of phloem transport (Knoblauch et al., 2015; 148 

Ross-Elliott et al., 2017). One of these, the coumarin glucoside esculin, is loaded into the 149 

Arabidopsis phloem specifically by the AtSUC2 transporter, and does not enter the phloem in 150 
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atsuc2 knockout seedlings, making it a potential surrogate for sucrose in phloem transport 151 

studies (Reinders et al., 2012; Knoblauch et al., 2015; De Moliner et al., 2018). Here we 152 

describe the use of esculin to measure the phloem transport velocity (PTV) in response to 153 

differing environmental conditions. We show that PTV can be measured rapidly in intact 154 

seedlings in a high-throughput manner. Our results provide evidence that fluctuations in leaf 155 

sucrose levels may influence PTV, supporting the pressure-flow model of phloem transport. 156 

Our data also show that under acute changes in the light environment, the rate of phloem 157 

transport mirrors the transcriptional level of AtSUC2 in leaves, suggesting that AtSUC2 158 

expression in CCs may regulate the PTV under certain environmental conditions. 159 

 160 

 161 

  162 
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Results 163 

 164 

Esculin is translocated with similar efficiency to sucrose 165 

 166 

We previously described the specific phloem translocation of esculin, a naturally occurring 167 

fluorescent coumarin glucoside, by AtSUC2 and detailed how the glucoside moiety of esculin 168 

is required for recognition by the sucrose symporter (Knoblauch et al., 2015). We have also 169 

recently described the structural requirements of esculin for binding by AtSUC2 (De Moliner 170 

et al., 2018) Esculin does not enter the phloem in detectable amounts without AtSUC2 171 

(Knoblauch et al, 2015; De Moliner et al., 2018). However, it was not known whether this 172 

probe was translocated as efficiently as sucrose. We tested this by comparing the 173 

translocation of esculin in intact seedlings over time with the translocation of 14C labelled 174 

sucrose. Seedlings were tested at 7 days after germination (dag), and 0.3 µl of the adjuvant 175 

Adigor was added to each cotyledon shortly after dawn to facilitate loading through the 176 

cotyledons (Knoblauch et al., 2015). After 1 hour, either 0.3 µl of esculin or 14C sucrose was 177 

loaded onto each cotyledon. The relative percentage of probe that was washed off the 178 

cotyledon, remained within the cotyledon, or had been translocated to the rest of the seedling 179 

was measured at 4 h post loading (Fig. 1) using either scintillation counting (14C sucrose) or 180 

fluorescence readings calibrated against a standard curve (esculin). Whilst sucrose is 181 

converted into insoluble fractions, esculin enters vacuoles and is degraded over time 182 

(Knoblauch et al., 2015), making longer term comparisons between the two tracers 183 

unrealistic.  184 

 185 

After 4 hours, the highest concentration of both 14C-sucrose and esculin was present in the 186 

cotyledons (Fig. 1) and was similar for both probes (50%), as was the amount that remained 187 

on the surface of the cotyledon and that could be washed off. For both tracers, close to 20% 188 

of the total added to the leaf was translocated to the rest of the seedling by 4 h. This 189 

demonstrated that esculin was translocated in Arabidopsis seedlings as efficiently as sucrose.   190 

 191 

Influence of environmental conditions on PTV 192 

 193 

As the major solute carried within the phloem is sucrose, it has long been used as a proxy for 194 

describing the velocity of phloem transport. Based on the pressure-flow hypothesis, it is a 195 
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reasonable assumption that factors affecting the rate of photosynthesis, and thus the amounts 196 

of sucrose produced, could affect the velocity of phloem transport. However, few studies 197 

have been carried out on the direct impact of environmental changes on PTV. Those that 198 

have been conducted used relatively mature plants and complex methods for measurement, 199 

which reduce the opportunity for larger datasets and the testing of multiple experimental 200 

parameters (Mullendore et al., 2010; Savage et al., 2013; Knoblauch et al., 2016).  201 

 202 

Young Arabidopsis seedlings provide an uncomplicated model to study PTV. At 7 dag the 203 

architecture is simple, consisting of two expanded cotyledons (source), a hypocotyl (path) 204 

and a primary root tip (sink) that functions as the recipient of assimilates. Furthermore, the 205 

phloem is arranged in two distinct poles, adjacent to the xylem poles, allowing for easy 206 
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identification and monitoring of flow in the translucent roots. Esculin was used to measure 207 

PTV in live seedlings. The probe was applied to both the cotyledons of seedlings as described 208 

above and the plants kept under standardized environmental conditions. The roots were then 209 

monitored with an epifluorescence microscope for the arrival of esculin in the phloem (Fig. 210 

1B). The position of the fluorescent front was marked on the back of the plate and the 211 

seedlings were returned to the same growth conditions for a further 10 – 20 min. The 212 

seedlings were then re-imaged and the new esculin front was marked on the plate. Marks 213 

were checked for the accuracy of their position immediately after being made, and exact 214 

times were recorded. The basipetal phloem velocity in the root was then calculated as 215 

distance/time (v = s/t). This method measures only the visible front, and there may be 216 

undetectable levels of esculin ahead of this front. However, as the aim was to compare an 217 

estimate of PTV rapidly across large numbers of live seedlings, the accuracy is more than 218 

sufficient to allow these relative comparisons, rather than the absolute measurements 219 

provided by, for example, photobleaching methods (Jensen et al., 2011; Savage et al., 2013), 220 

and also avoids the effects of exposure to excess light. 221 

 222 

Exogenous sucrose application to roots inhibits PTV 223 

 224 

The pressure-flow hypothesis requires a pressure differential between photosynthetic source 225 

tissues and sink tissues, where the assimilates are unloaded and utilized for growth. Thus, 226 

increasing the source strength, by increasing sucrose availability, should in theory increase 227 

the pressure differential and increase PTV. This has been tested previously by feeding 228 

sucrose to excised leaves of several species (Vaughn et al., 2002; Lobo et al., 2015). The 229 

reverse should also be true, i.e., a reduction in sink strength by providing exogenous sucrose 230 

to the root, should lead to a reduction in PTV by decreasing sink strength. We tested this by 231 

growing seedlings on media containing either 0%, 1% (30 mM) or 2% (60 mM) sucrose, the 232 

latter two being standard concentrations used in growth media for Arabidopsis seedlings. 233 

Reducing the sink strength by supplying 30 mM sucrose to the root significantly reduced the 234 

PTV by more than 2-fold, as measured by esculin transport, compared to growth on media 235 

containing no sucrose (Fig. 2A).  Growth on media containing 60 mM sucrose did not have a 236 

further effect, suggesting that the response to exogenous sucrose was saturated. Growth on 237 

the same concentrations of the non-metabolised osmolyte, mannitol, showed no effect at 30 238 

mM and a slight increase in PTV at the higher concentration of 60 mM, demonstrating that 239 

the reduction in PTV is likely due to the exogenous sucrose, not changes in osmotic potential 240 
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(Supplementary Figure S1). However, the PTV is not altered in seedlings transiently exposed 241 
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to increased sucrose concentrations for short periods  (Supplementary Fig. S2).  242 

 243 

Temperature affects PTV 244 

 245 

Seedlings grown at low temperatures are generally smaller, and yet are often as 246 

photosynthetically active, as those grown at higher temperatures (Strand et al., 1999). Low 247 

temperatures have also been shown to induce adaptations for acclimation, including an 248 

increase in CC and SE numbers amongst the collection phloem of leaves (Cohu et al., 2013). 249 

When plants were exposed to cool temperatures, whilst light intensity remained at more 250 

optimal levels, sucrose accumulated in the leaves, suggesting that demand falls below 251 

production (Pollock, 1987). Short-term drops in the daytime temperature reduce the rate of 252 

photosynthesis (Pyl et al., 2012). This lowers sucrose production and results in a weaker 253 

source strength. To test the effect of weakening or strengthening the source via temperature 254 

we measured the PTV of plants grown at low and high temperatures (Fig. 2B). To ameliorate 255 

some of the potential effects of plant size on the resultant PTV, seedlings were grown for 4 256 

days at 21oC constant temperature and were then transferred to either 17oC or 27oC for 3 257 

days. Seedlings grown at 17oC showed more than a 2-fold reduction in PTV (0.13 ±  0.019 258 

mm min-1) compared to those at the standard temperature of 21oC (0.28 ± 0.039 mm min-1; 259 

Fig. 2B). Interestingly, there was no significant increase in the PTV of seedlings grown at 260 

27oC, despite a 2-fold increase in seedling biomass (Fig. 2B, S3). 261 

 262 

Light intensity alters PTV 263 

 264 

Generally, photosynthetic output increases with light intensity, until an optimum or capacity 265 

is reached. Photosynthetic capacity is significantly greater in leaves of apoplastic loading 266 

plants grown at high light compared with those grown under low light conditions (Amiard et 267 

al., 2005). This means that sucrose production is reduced under low light. 268 

 269 

At low light levels, (< 10 µmol m-2 s-1) the PTV in seedlings was 2-fold slower than in those 270 

grown under our standard light conditions (0.097 ± 0.022 vs 0.24 ±  0.026 mm min-1), 271 

supporting the idea that a reduction in sucrose production, and thus source strength, reduces 272 

the overall pressure gradient in the phloem.  Growth under high light resulted in a PTV 273 

similar to that under standard conditions (Fig. 2C). 274 
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 275 

Several apoplastic loaders undergo physical changes when switched from low light to high 276 

light conditions. Among these are alterations in plasma membrane surface area, which are 277 

thought to increase phloem loading capacity (Amiard et al., 2005). Such physical acclimation 278 

takes place over several days. We tested whether PTV could respond more dynamically to a 279 

short-term change in light intensity. Plants were grown under low, standard, or high light 280 

conditions (9, 100 and 190 µmol m-2 s-1, respectively). At dawn, prior to measurement, the 281 

seedlings were transferred from either low light (LL) to high light (HL), or vice versa, for 2 282 

h. The PTV displayed a clear response to the change in light intensities (Fig. 2D). There was 283 

a significant drop in PTV when plants were switched from HL to LL compared with those 284 

that remained at HL (0.078 ± 0.009 from 0.16 ± 0.032 mm min-1). The reverse scenario, 285 

moving from LL to HL, increased the PTV from 0.027 ± 0.0062 to 0.12 ± 0.019 mm min-1. 286 

This provides evidence that PTV responds, within relatively short time frames, to metabolic 287 

or photosynthetic changes that affect source strength. 288 

 289 

 290 

PTV in seedlings of different ages 291 

 292 

As seedlings develop, new leaves undergo the sink-source transition before they are fully 293 

expanded (Wright et al., 2003; Fitzgibbon et al., 2013). Once the first true leaves become 294 

carbon sources, the cotyledons are not required to produce sucrose to the same extent as 295 

before. We measured the PTV in seedlings grown for 7, 10 and 14 days after germination 296 

(dag) under our standard conditions (Fig. 2E). There was no difference in PTV between 7 and 297 

10 dag, but a significant drop in PTV at 14 dag (0.23 ± 0.019 vs 0.17 ± 0.015). This decline 298 

may be due to decreased export from the cotyledons. However, by 14 dag a number of lateral 299 

roots have developed, potentially diluting the sink strength of the primary root tip. We 300 

attempted to discriminate between these confounding factors by comparing the PTV in 14 301 

dag seedlings by loading esculin onto either the cotyledons or the true leaves (Supplementary 302 

Fig. S4). There was no significant difference in velocity between the two, although both were 303 

slower than the cotyledon-derived PTV seen at 7 or 10 dag, suggesting that the true leaves 304 

had indeed taken over some of the export duties.  305 

 306 

AtSUC2 expression is regulated in response to environmental cues 307 



 13

 308 

AtSUC2 is expressed specifically in the CCs of the source phloem (Truernit and Sauer, 1994). 309 

The expression of AtSUC2 has been shown previously to be regulated by leaf developmental 310 

stage and abiotic stresses (Truernit and Sauer, 1994; Gong et al., 2014; Durand et al., 2016). 311 

Such changes in expression were linked directly to sucrose levels in the sugar beet 312 

homologue, BvSUT1 (Vaughn et al., 2002), where both the levels of BvSUT1 protein and 313 

carbon export were reduced in leaves supplied with exogenous sucrose. The tomato 314 

homologue, LeSUT1 also shows transcriptional regulation by light (Kühn et al., 1997). 315 

Additionally, Atsuc2-1 mutants are severely restricted in their growth and development but 316 

their phenotype can be partially rescued by growth on media supplemented with sucrose 317 

(Gottwald at al., 2000). As the primary role of AtSUC2 is to load sucrose into the CCs, it is a 318 

clear candidate for regulating PTV, although this has not been directly demonstrated. We 319 

therefore examined the expression of AtSUC2 by RT-qPCR under the same environmental 320 

conditions that induced alterations in the PTV. To allow easy comparison with the PTV 321 

response, we plotted AtSUC2 relative expression on a secondary Y-axis along with the PTV 322 

results for each environmental condition (Fig. 2). 323 

 324 

Expression of AtSUC2 was reduced in seedlings grown on media containing sucrose (Fig. 325 

2A). Relative expression in seedlings grown without exogenous sucrose was 0.67 ± 0.095, 326 

reducing to 0.49 ± 0.07 in seedlings grown on 1% sucrose. There was no significant change 327 

in AtSUC2 expression between plants grown on 1% and 2% sucrose, mirroring the results 328 

seen for PTV (Fig. 2A). 329 

 330 

AtSUC2 expression levels increased with temperature, from 0.44 ± 0.08 in seedlings grown at 331 

17oC to 0.77 ± 0.16 at 21oC and 0.69 ± 0.17 at 27oC (Fig. 1B).  This was a similar trend to the 332 

PTV results where the difference between 21oC and 27oC was also not significant (Fig. 2B).  333 

 334 

The expression of AtSUC2 under different light intensities was very variable across the 335 

biological replicates and, despite the mean levels following a general increase in expression 336 

from low light to high light, there was no significant difference between the light conditions 337 

(low light, 0.55 ± 0.05; standard light, 0.61 ± 0.16; high light, 0.78 ± 0.22; Fig. 2C). 338 

Interestingly, despite clear effects on the PTV, dynamic changes in light intensity only 339 
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produced a significant change in expression levels of AtSUC2 following a change from HL to 340 

LL (Fig. 2D). 341 

 342 

The expression of AtSUC2 also altered with plant developmental stage (Fig. 1E). There was 343 

no significant difference between 7 and 10 dag, but by 14 dag the relative expression had 344 

decreased from 0.41 ± 0.13 to 0.26 ± 0.0015 (Fig. 1E).  345 

 346 

PTV varies diurnally 347 

 348 

Photosynthetic rate is inextricably linked to light perception and the circadian clock, and 349 

plants adapt their physiological and metabolic processes in order to optimize growth under 350 

different photoperiods (Sulpice et al., 2014). We investigated whether PTV varied diurnally, 351 

mirroring the differences seen in sucrose production under different photoperiods (Sulpice et 352 

al., 2014). Under long day conditions (LD; 16 hours light:8 hours dark) the PTV peaked 353 

around dawn (ZT0; Zeitgeber Time 0) at 0.21 (± 0.022) mm min-1 and gradually decreased 354 

over the day to its lowest rate of 0.11 mm min-1 (± 0.011) at ZT20 in the dark (Fig. 3A). A 355 

decrease in PTV from a daytime peak at ZT4 was also observed under short days (SD; 8 356 

hours light:16 hours dark ), but this plateaued in the dark from ZT16 onwards (Fig. 3B). 357 

 358 

As the PTV varied diurnally, AtSUC2 expression was tested for a circadian clock-linked 359 

expression profile (Fig. S5). The expression profile showed expression peaking in the dark 360 

period between ZT20 and ZT24 (Fig. S5A). However, the expression of AtSUC2 was also 361 

strongly linked to the transitions between light and dark, suggesting that other factors may be 362 

involved in controlling the expression levels. In order to test whether the changes in 363 

expression were driven by light or the circadian clock, we tested the expression levels in 364 

seedlings entrained under the same LD period, but then grown for a further 2 days in constant 365 

light. The peaks of expression were reduced when the seedlings were switched to constant 366 

light, suggesting that there is a strong element of light regulation in the expression of AtSUC2 367 

(Fig. S5B). 368 

 369 

 Accumulation of sucrose in the cotyledons varies under differing environmental 370 

conditions 371 

 372 
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To verify whether the control of PTV or the expression of AtSUC2 was linked to changes in 373 

source and sink strength, we determined the amount of sucrose accumulated in the cotyledons 374 

and the amount present in the rest of the seedling under the range of environmental 375 

conditions used to examine PTV (Fig. 4A-F). At 17 oC, sucrose was present in the cotyledons 376 

at similar levels to seedlings grown under 21oC. Seedlings grown under 27 oC had 377 

significantly less sucrose per gram fresh weight in their cotyledons (0.87 ± 0.32 vs 2.1 ± 378 

0.37), yet similar amounts were present in the rest of the seedling (Fig. 4A). Of course, 379 

measurement of sucrose concentration in the rest of the seedling only provides a partial 380 

indication of the exported sucrose. It does not provide a complete measurement as it only 381 

accounts for sucrose that has not yet been metabolised or utilised for increases in biomass, 382 

the rate of which is also likely to vary under different environmental conditions.  383 

 384 

Under low light conditions, very little sucrose was present in the cotyledons, although similar 385 

amounts were present in the rest of the seedlings compared with those grown under standard 386 

light (Fig. 4B). Under high light more sucrose was present than under low light, but not 387 

significantly more than under standard light intensity in the rest of the seedling (Fig. 4B). 388 
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This suggests that lower light intensity results in lower rates of photosynthesis, potentially 389 

resulting in lower concentrations of sucrose exported. After just 2 hours in high light, 390 
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seedlings previously grown at low light showed an increase in the mean amount of sucrose, 391 

compared with those maintained at low light (1.09 ± 0.35 vs 0.3 ± 0.1), and much of this had 392 

already been exported to the rest of the seedling (Fig. 4C), at levels comparable with 393 

seedlings grown under high light. The opposite was also true.  Seedlings grown at high light 394 

and transferred to low light for 2 hours at dawn displayed lower levels of sucrose in their 395 

cotyledons than those at continuous high light, although still higher than those grown 396 

continuously under low light (Fig. 4C; 0.68 ± 0.25 vs 0.3 ± 0.1).  397 

 398 

Seedling age had a significant impact on the concentration of available sucrose (Fig. 4D), 399 

with a reduction in concentration found in the cotyledons at 14 dag, suggesting that the first 400 

leaves are beginning to take over the role of carbon sources. There were some differences in 401 

sucrose concentration across the day in the cotyledons, with the peak concentration occurring 402 

towards the end of the day at ZT12 and during the night and reducing through the night to the 403 

lowest levels by early morning (ZT4) (Fig. 4E & F). 404 

 405 

PTV remains sensitive to environmental changes when AtSUC2 is expressed from an 406 

exotic promoter 407 

 408 
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Sucrose has been shown to negatively regulate AtSUC2 expression (Dasgupta, et al., 2014), 409 

however our results were not always conclusive regarding AtSUC2 expression level and the 410 

corresponding PTV (Fig. 2). When AtSUC2 is expressed from a CC-localized promoter from 411 

Commelina Yellow Mottle Virus (CoYMV), it rescues the phenotype of atsuc2 knockout (ko) 412 

plants, indicating that it works as a functional replacement for native AtSUC2 (Srivastava et 413 

al., 2009). Therefore, we used CoYMV:AtSUC2 lines to examine whether the regulation of 414 
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PTV via AtSUC2 required the AtSUC2 promoter. Under each set of environmental 415 

conditions, CoYMV:AtSUC2 seedlings behaved similarly to AtSUC2:AtSUC2 lines, 416 

suggesting that, despite the effects seen on the abundance of AtSUC2 transcripts, PTV 417 

regulation does not depend entirely on transcriptional regulation from the AtSUC2 promoter 418 

(Fig. 5 A-D). However, some minor differences were noted, in particular the PTV did not 419 

respond to low light nor acute changes in light as dynamically in CoYMV:AtSUC2 seedlings 420 
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compared to AtSUC2:AtSUC2 (Fig. 5D; LL = 0.045 ± 0.0068 vs 0.081 ± 0.0078, LL-HL = 421 

0.12 ± 0.014 vs 0.19 ± 0.021), or as described previously for wild type (Fig. 2D). This 422 

suggests that the AtSUC2 promoter may be required to regulate the PTV under acute changes 423 

in light intensity. 424 

 425 

 426 
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 427 

 428 

 429 

  430 
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Discussion 431 

 432 

Esculin facilitates high-throughput measurement of PTV in young seedlings 433 

 434 

The fluorescence of esculin and its recognition by AtSUC2, provides a straightforward 435 

mechanism for monitoring phloem transport in planta. This method allows relatively high-436 

throughput studies to be conducted in live seedlings, where growth on agar plates in 437 

environmentally controlled growth chambers allows perturbation of environmental conditions 438 

and measurement of the effects of such changes on PTV. We have shown that esculin is an 439 

excellent proxy for sucrose in this type of study, as it is translocated from the cotyledon 440 

surface to the rest of the seedling with the same efficiency as radiolabelled sucrose (Fig. 1). 441 

Furthermore, esculin only enters the phloem in Arabidopsis in detectable amounts using the 442 

AtSUC2 symporter, the key sucrose loader in Arabidopsis (Knoblauch et al, 2015; De 443 

Moliner et al, 2018). 444 

 445 

 PTV has been measured in a number of different species but previous studies focused on 446 

large, mature plants due to the technical limitations of the available methods. The reported 447 

PTV, measured by MRI or fluorescent tracer methods, varies across species, tissues and 448 

developmental stages, ranging from 0.18 mm min-1 to 102 mm min-1. The majority of species 449 

that have been measured show a PTV of around 15 mm min-1 (Windt et al., 2006; Jensen et 450 

al., 2011). The results presented here indicate that the velocity (around 0.25 mm min-1) in 451 

young Arabidopsis seedling roots, measured under normal growth conditions, is towards the 452 

slower end of this scale. A velocity of 1.5 mm min-1 was reported for individual cells in the 453 

region where the metaphloem transfers assimilates to the protophloem, slowing to 0.3 mm 454 

min-1 in cells in the protophloem unloading zone (Ross-Elliott et al., 2017). Our 455 

measurements were made in roots before esculin had reached the unloading zone, but 456 

ultimately represent an average of the cells within the measured root region, rather than the 457 

velocity within a single sieve element. Although measuring PTV at the single-cell level is 458 

possible with esculin, it is much more time-consuming, and thus does not lend itself to the 459 

high-throughput method described here. Our method allowed us to rapidly monitor the effects 460 

of environmental variation on the PTV, and could be easily adapted for use in older plants 461 

and other species. The simplicity of this method does not account for esculin moving ahead 462 

of the visible front, nor does it compensate for any lateral loss of esculin along the phloem 463 
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pathway, thus the relative PTV measurements presented here are likely to be slower than the 464 

absolute PTV for sucrose. Further, as any lateral loss from the phloem is undetected, we 465 

cannot determine whether any environmental variables induce changes in the rate of lateral 466 

loss, which would contribute to the effect seen on the PTV. However, our method is a 467 

significant advantage over the use of radiolabelled sucrose, which does not permit the level of 468 

resolution we have reported here. 469 

 470 

Environmental conditions affect PTV 471 

 472 

Whilst it has generally been assumed that environmental conditions, particularly those likely 473 

to affect the production or metabolism of sucrose, could have a substantial effect on the PTV, 474 

actual data has been limited to a relatively small number of studies, one of which showed that 475 

developmental stage in cucurbits affected PTV (Savage et al., 2013) and another which 476 

detailed the effects of developmental stage and osmotic stress in Arabidopsis (Durand et al., 477 

2017). Other studies suggest that, despite fluctuations in carbon export over the day and 478 

night, PTV remains more or less constant in the stems of several species (Windt et al., 2006). 479 

These authors argued that the PTV was likely to be regulated to a consistent velocity in order 480 

to allow constant transmission of long-distance molecular signals through the phloem. Our 481 

results contrast with this, showing that PTV in Arabidopsis varies markedly in response to a 482 

variety of stimuli. 483 

 484 

Growth at low temperatures, low light and acute changes from high to low light, resulted in 485 

significant reductions in PTV (Fig. 2). Furthermore, in contrast to the results obtained for 3 486 

out of 4 species tested by Windt et al (2006), there was a distinct diurnal variation in PTV in 487 

Arabidopsis, with the lowest velocity recorded late in the night (Fig. 3). These are all 488 

environmental conditions that affect the rate of photosynthesis and thus sucrose production. 489 

This indicates that PTV may be related to the amount of sucrose available for export. 490 

 491 

 492 

Is PTV regulated by complex signals or simply by source/sink strength? 493 

 494 

The Münch hypothesis states that the phloem flow is created by the disparity between the 495 

concentration of sucrose in the source and sink tissues. The stronger the demand for carbon in 496 

the sink tissues, the more sucrose is required to be loaded into the collection phloem in the 497 
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source tissues. However, what happens if the sink strength is reduced? We tested this using 498 

exogenously applied sucrose to the roots. This resulted in PTV being reduced by around half 499 

(Fig. 2).  500 

 501 

Many researchers grow Arabidopsis seedlings on media supplemented with sucrose, despite 502 

the fact that sucrose can change the expression of more than 797 genes and regulates many of 503 

the elements of the circadian clock (Gonzali et al., 2006; Dalchau et al., 2011). 504 

Unfortunately, much of the experimental data publicly available has been produced using 505 

seedlings grown on sucrose. Clearly, care must be taken when interpreting such data, 506 

especially expression data for sucrose-related genes.  507 

 508 

It has been shown that a reduction in sink strength leads to sucrose accumulation in source 509 

leaves, which in turn inhibits photosynthesis, reducing the sucrose available for transport 510 

(Paul and Pellny, 2003). Therefore, conditions that naturally reduce the efficiency of 511 

photosynthesis should also reduce the amount of sucrose available for transport. Our results 512 

corroborate this model, as under low light (< 10 µmol m-2 s-1) PTV is reduced and so is the 513 

sucrose concentration (Fig. 2C-D & Fig. 4 B & C). Equally, as the seedling develops, the 514 

cotyledons begin to senesce and therefore become less important as the first true leaves take 515 

on a more dominant role in carbon export. In our experiments this could be seen as a drop in 516 

PTV in seedlings at 14 dag (Fig. 2E), attributed at least in part to reduced export from the 517 

cotyledons and increased export from the true leaves (Supplementary Fig. S4), coupled to a 518 

corresponding reduction in sucrose levels in the cotyledons (Fig. 4D). However, it has been 519 

postulated that decreased PTV, caused by reduced sink strength, would not be sufficient to 520 

alter the concentration of sucrose in the mesophyll in active apoplastic loaders such as 521 

Arabidopsis, as the proton motive force that drives the sucrose symporters enables phloem 522 

loading at even very high apoplastic sucrose concentrations (Ainsworth and Bush, 2011). 523 

Further, there is some evidence to suggest that K+ ions have a role in maintaining the 524 

hydraulic pressure gradient of the phloem pathway, playing a role in reloading leaked sucrose 525 

(Deeken et al 2002). Therefore, this would suggest that phloem loading must be down-526 

regulated to allow sucrose to build up in the mesophyll cells. We asked whether this response 527 

could occur through a feedback signal on the transcription rates of the AtSUC2 gene, thus 528 

reducing the number of transporters available. This would provide a natural ‘brake’ on the 529 

amount of sucrose being loaded into the phloem, reducing flow. Indeed, there was a slight 530 
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reduction in the expression of the main sucrose transporter, AtSUC2, when seedlings were 531 

grown on exogenous sucrose, suggesting that the PTV may, at least in part, be linked to the 532 

transcriptional regulation of the transporter. A homologue of AtSUC2, the sugar beet 533 

BvSUT1, is transcriptionally repressed by exogenous sucrose applied to leaf discs (Vaughn et 534 

al., 2002), and sucrose transport activity and mRNA abundance were decreased in leaves fed 535 

exogenous sucrose via the xylem (Chiou and Bush, 1998). This is not simply an osmotic 536 

stress effect, as seedlings grown on mannitol did not show a decrease in PTV (Fig S1 and 537 

S2). In fact, at 60 mM, mannitol induced an increase in PTV. Such opposing effects have 538 

been previously reported in pea seedlings, although the increase was triggered at even lower 539 

concentrations of mannitol (Schulz, 1994). Schulz (1994) suggests that the increase in PTV 540 

following mannitol treatments serves to counteract the effects of osmotic stress where higher 541 

amounts of solutes are drawn from the phloem in response to the low apoplasmic potential. 542 

However, in pea seedlings, as in our Arabidopsis seedlings, low concentrations of sucrose (< 543 

75 mM) result in an inhibition of phloem transport. One potential explanation for this is that 544 

the uptake of sucrose into the sink cells would reduce the exosmosis of water (Schulz, 1994). 545 

Such effects are usually associated with short-term osmotic stress, with equilibrium being 546 

reached in the root tip after a few hours (Schulz, 1994), yet our seedlings were grown on 547 

media from germination. Interestingly, the observed effects may not be solely an osmotic 548 

response, as sucrose and mannitol have previously been shown to have opposite effects on 549 

the activity of the AtSUC2 promoter,  (Dasgupta et al, 2014).  Equally, it is not possible to 550 

rule out from these experiments that the sucrose effect on PTV is not partially caused by 551 

physical changes in the phloem and a general difference in biomass caused by growth on 552 

exogenous sucrose (Fig S3). When seedlings were transferred from media without any 553 

sucrose or mannitol to media containing either 30 mM or 60 mM of either sucrose or 554 

mannitol for 2 hours, no reduction in PTV was seen, although the increase in PTV caused by 555 

a high concentration mannitol was replicated (Fig S2). This may mean that the sucrose effect 556 

on PTV does require structural changes to the phloem or, as the reduction in import from the 557 

phloem was seen following similarly short timescales in pea seedlings, it may suggest that 2 558 

hours is not sufficient for the uptake into the roots from solid media, as opposed to root tips 559 

submerged in liquid media (Schulz, 1994). Equally, the timescale may be too short for a 560 

potential feedback signal from sink to source to have a significant effect on the PTV. 561 

 562 

Not all environmental conditions that affected PTV and sucrose accumulation caused a 563 

significant change in the expression levels of AtSUC2 (Fig. 1). Seedlings grown under low 564 
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temperatures showed a decrease in AtSUC2 expression but seedlings grown under low light, 565 

despite a significant change in PTV, did not (Fig. 1C). Intriguingly, a significant drop in 566 

expression was seen for seedlings grown under high light and then moved to low light for 2 567 

hours. This indicates that perhaps the direct control of expression is used to deal with 568 

dynamic short-term fluctuations in the environment.  569 

 570 

Under consistent low light, there was essentially no change in AtSUC2 expression despite a 571 

significant reduction in PTV. Xu et al. (2018) found that Arabidopsis and other apoplastic 572 

loaders, grown under low light conditions, did show reduced expression of a range of sucrose 573 

transporters (Xu et al, 2018). However, their low light conditions were at 40 µmol m-2 s-1, 574 

whereas in the current study they were significantly lower (10 µmol m-2 s-1). We did see a 575 

significant reduction of AtSUC2 expression in plants moved from high light to low light for 2 576 

hours, supporting the idea that there is dynamic regulation of the promoter under acute 577 

environmental changes. Further, we cannot rule out that there may be morphological 578 

alterations induced in the root phloem in seedlings grown under low-light or low-temperature 579 

conditions, which may well affect the PTV, although they were only grown under such 580 

conditions for 3 days in order to try to reduce such effects. 581 

 582 

By expressing AtSUC2 in an atsuc2ko background, using a phloem specific promoter from 583 

Commelina Yellow Mottle Virus (CoYMV), we were able to test whether the dynamic changes 584 

seen in PTV were the result of promoter-specific changes in AtSUC2 expression (Srivastava 585 

et al., 2009). Despite previous work showing that exogenous sucrose inhibits promoter 586 

activity, and our RT-qPCR data showing mild effects on the expression levels of AtSUC2 587 

under certain conditions, this was not the case; PTV responded to the different environmental 588 

cues in a similar way in both CoYMV:AtSUC2 seedlings and AtSUC2:AtSUC2 seedlings (Fig. 589 

5). The main exceptions involved low light and acute changes in light intensity. Here, the 590 

CoYMV:AtSUC2 seedlings were less responsive to a change from high to low light, 591 

suggesting that under these conditions transcriptional repression of AtSUC2 from the 592 

promoter may indeed play a more important role.  593 

 594 

It is likely that several factors converge on SUTs to fine-tune their transcriptional regulation. 595 

For example, blocking protein phosphatase activity in sugar beet resulted in a decrease in 596 

symporter transcript abundance, and ultimately symporter abundance (Ransom-Hodgkins et 597 
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al., 2003). Further experiments suggested that there might be a phosphorylated protein that is 598 

a negative regulator of BvSUt1 transcription (Ransom-Hodgkins et al., 2003). Other factors 599 

have been shown to be involved in regulation of SUTs. For example, StSUT4 accumulates 600 

under far-red light conditions (Liesche et al., 2011). However, it also accumulates following 601 

actinomycin D treatment, suggesting the accumulation is due to increased transcript stability, 602 

not increased transcription (Liesche et al., 2011). Indeed, further regulation is likely to occur 603 

at the post-transcriptional level as most SUT mRNAs are relatively short-lived, with half-604 

lives ranging from 60 – 130 minutes (Vaughn et al., 2002; He et al., 2008: Liesche et al., 605 

2011) 606 

 607 

Control of transporter activity clearly also occurs at the post-translational level, with many 608 

SUTs proving to be relatively unstable proteins; StSUT1 is degraded in < 4 hours and 609 

BvSUT1 in just 2.7 hours (Vaughn et al., 2002). Xu et al. reported an increase in LeSUT1 610 

abundance under high light conditions, despite a lack of transcriptional change, suggesting 611 

that there is either post-transcriptional or translational regulation, such as an increase in 612 

protein stability (Xu et al., 2018). Some SUTs have also been shown to dimerise with 613 

different proteins. For SUT1 this is likely to be redox-dependent, with oxidizing conditions 614 

favouring homodimerisation and increased plasma membrane targeting (Reinders et al., 615 

2002; Krügel et al., 2008). SUT4 has been suggested to act as an inhibitor of SUT1, thus 616 

inhibiting sucrose transport directly (Liesche et al., 2011). It is possible that a similar 617 

situation could occur in Arabidopsis. Another potential layer of regulation could come simply 618 

from the availability of protons required for the active loading of sucrose (Khadilkar et al., 619 

2016). 620 

 621 

Conclusion 622 

 623 

Our data, using esculin as a proxy for sucrose, suggest that the expression, activity and 624 

stability of SUTs is dynamically regulated by a number of pathways. This fits with a 625 

physiological system that needs to be able to respond rapidly to sudden changes in 626 

environmental conditions that affect sucrose production and thus source-sink relations. 627 

 628 

 629 

Materials and Methods 630 

 631 
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Plant growth 632 

 633 

Seeds of Arabidopsis (Arabidopsis thaliana), ecotype Col-0 were surface sterilized by 634 

immersion in 10% v/v bleach for 15 minutes, then rinsed in 70% v/v ethanol, followed by 5 635 

rinses in sterile ddH2O. Seeds were plated in two rows, with an average of 15 seeds per plate 636 

on 25 ml 0.5 x MS basal salt media (Duchefa #MO221), solidified with 2% w/v Phytoagar 637 

(Melford # P1003). Seeds were stratified at 4 oC for two days before transfer to controlled 638 

environment growth chambers (Percival) within a climate controlled dark room. Standard 639 

conditions were 80-100 µmol m-2 s-1 white light, under long days (16 h light:8 h dark) at a 640 

constant 21 oC. Seeds of atscu2-4 AtSUC2:AtSUC2 and CoYMV:AtSUC2 were the kind gift 641 

of Brian Ayre and have been previously described (Srivastava et al., 2009) 642 

 643 

Phloem transport efficiency of fluorescent probes vs radiolabelled sucrose 644 

 645 

Seedlings were treated at 7 dag. Both cotyledons were pre-treated with 0.3 µl of a 2.5% v/v 646 

Adigor (Syngenta) solution for 1 hour. Then either 0.3 µl of 9 mg ml-1 Esculin, CTER or 14C 647 

sucrose (Perkin-Elmer) was added to each cotyledon. Seedlings were sampled at 4 hours post 648 

probe application. Remnants of the probe solution were washed off by submerging the intact 649 

seedling’s cotyledons into 600 µl of ethanol. The cotyledons were then removed into a 650 

separate tube of 600 µl ethanol and the remainder of the seedling (root, hypocotyl, meristem 651 

and emerging true leaves) into a third tube of 600 µl ethanol. All tubes were heated to 75 oC 652 

for 1 hour, chilled on ice briefly and then centrifuged at full speed for 2 minutes.  For 653 

measurement, 300 µl of the radiolabelled samples was added to 3 ml of scintillant in a 654 

scintillation vial and counted on for 2 minutes per sample with two repeats. Fluorescent 655 

samples were split into 200 µl portions and loaded into separate wells in a 96-well plate 656 

(Greiner) before being read on a Tecan M200 with excitation set at 405 nm and emission 657 

collected at 454 nm for esculin. Control samples from seedlings not treated with esculin were 658 

used to give background readings and subtracted from all samples. A minimum of 5 seedlings 659 

per treatment and time-point were used, with two independent replicate experiments for each 660 

probe.  661 

 662 

Measurement of phloem transport velocity 663 

 664 
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Except where noted, seedlings were pre-treated at ZT0/ putative dawn (lights-on) with 0.3 µl 665 

of 2.5% Adigor in ddH2O for 1 hour. The cotyledons were blotted lightly to remove excess 666 

Adigor solution and then 0.3 µl of esculin was added to each cotyledon. After 10 minutes the 667 

seedlings were checked for the appearance of esculin in the phloem in the root. The 668 

fluorescent front was marked on the plate and time noted. Seedlings were rechecked and the 669 

new front marked together with time. The distance moved was calculated by measuring the 670 

root length between the two marks using ImageJ software. The velocity was calculated as: 671 

velocity = distance/time. A minimum of 25 seedlings, spread over a minimum of 3 672 

independent replicates was used for each condition. In order to minimize differences caused 673 

by variation in growth and biomass, seedlings for temperature and light intensity experiments 674 

were grown under standard conditions for 4 days, before being transferred to the appropriate 675 

condition. For acute change in light intensity, seedlings were transferred to the opposite light 676 

intensity at ZT0/ putative dawn.  677 

 678 

 679 

 680 

Gene Expression Measurements 681 

 682 

Seedlings were grown as described above and 100 mg seedlings harvested per sample in 683 

duplicate, 1 hour after dawn or two hours following acute changes in light intensity. Time of 684 

day and circadian experiment seedlings were harvested at the time points described. 685 

Seedlings were harvested in 1 ml of RNAlater (Sigma) and kept in the dark overnight at 4 oC 686 

before being transferred to -20 oC until extraction. RNA was extracted using RNEasy Plant 687 

Mini Kit (Qiagen). Briefly, tissue was ground in 450 µl RLT buffer with two steel beads 688 

using a Tissuelyser Mixer Mill (Qiagen) for 2 min at 27 s-1, the blocks were rotated and run 689 

again for 2 minutes. Samples were then incubated at 56 oC for 3 minutes before being added 690 

to the shredder columns and manufacturer’s protocol was followed, including the DNAseI 691 

step. Samples were double-eluted in 35 µl of RNase free water. One µg RNA per sample was 692 

reverse-transcribed using a RevertAid First Strand cDNA Synthesis kit (Thermo Scientific). 693 

RT-qPCRs were set up using Roche Lightcyler 480 SYBR Green 1 Master mix in technical 694 

triplicates and cycled in a LightCycler 480. The mRNA abundance was calculated using the 695 

Relative Quantification function. Oligos used were AtSUC2 F-696 
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GCAGACGGGTGAGTTAGA and AtSUC2 R-GGAGATTGGACCACAGAG (Durand et 697 

al., 2016) and for the reference gene,  698 

ACT7 F –TGAACAATCGATGCACCTGA and ACT7 R-CAGTGTCTGGATCGGAGGAT. 699 

 700 

Extraction and enzymatic quantification of sucrose  701 

 702 

Seedlings were harvested, cotyledons and the rest of the seedling tissue were split into 703 

separate tubes, 1 ml of 70 % ethanol was added and then flash frozen in liquid N2. For 704 

extraction, samples were boiled at 90 oC for 10 min, then spun down and supernatant 705 

transferred to a fresh Eppendorf. Then 250 µl of ddH2O was added and samples vortexed for 706 

1 min, before adding 250 µl ethanol and then boiled at 90 oC again for 10 minutes. Samples 707 

were then spun down and supernatant transferred to a new tube. The total volume was 708 

brought to 1.6 ml with ddH2O and stored at -20 oC until quantification. In clear 96-well 709 

microtitre plates 200 µl of assay cocktail (10 mg NADP, 33 mg ATP dissolved in 40 ml of 710 

150 mM Tris and 5 mM MgCl2 (pH 8.1)) was added to each well, together with 45 µl ddH2O 711 

and 5 µl of sample. Each sample was loaded in triplicate and mixed well. Absorbance at A340 712 

(read A) was measured on a Fluostar Omega plate reader (BMG Labtech) and then 5 µl 713 

(0.5U) of Hexokinase and glucose-6-phosphate dehydrogenase was added to each well, 714 

mixed thoroughly and incubated at room temperature for 30 minutes. Then read at A340 again 715 

(read B). The initial reading (A) was subtracted from the second (B) to give the glucose level. 716 

In a second plate, 40 µl of 100 mM tri-sodium citrate with 5 mM MgCl2 (pH 5) was added to 717 

each well, along with 5 µl of each sample and 4 µl of invertase and then incubated at room 718 

temperature for 10 minutes. Then 200 µl of assay cocktail was added, mixed and then the 719 

wells were read at A340 (read C), before adding 5 µl (0.5 U) of hexokinase/G6-PDH to each 720 

well and incubated at room temperature for 30 minutes before a final reading at A340 (read 721 

D). Sucrose dA340 = (D-C) – (B-A). Absorbency of NADPH is 6.22 so sucrose concentration 722 

(μmol) was calculated as dA340/6.22 and then multiplied by 50 to account for the initial 723 

dilution. Each result was then divided by the fresh weight of the initial sample to give the 724 

concentrating in μmol g-1. 725 

 726 

Accession numbers 727 

 728 

Sequence data for AtSUC2 can be found using accession number At1g22710. 729 
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 730 

Supplementary Data 731 

 732 

The following supplemental materials are available: 733 

 734 

Supplementary Figure S1 Comparison of the effects of growth on different concentrations 735 

of sucrose and mannitol on PTV. 736 

Supplementary Figure S2 Comparison of the effects of transient exposure to sucrose or 737 

mannitol on PTV. 738 

Supplementary Figure S3  739 

Mean wet biomass for seedlings grown under a range of environmental conditions. 740 

Supplementary Figure S4  741 

Comparison of phloem velocity in 14-day-old seedlings following loading of cotyledons or 742 

true leaves. 743 

Supplementary Figure S5  744 

 AtSUC2 expression is not tightly circadian but regulated by light signals. 745 

Supplementary Figure S6 746 

Root length of 7-day-old AtSUC2:AtSUC2 and CoYMV:AtSUC2 seedlings. 747 
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Figure Legends 756 

 757 

 758 

Figure 1. Comparison of the translocation of 14C-sucrose and the phloem-mobile 759 

fluorescent probe esculin. (A) Black bars, 14C-sucrose, grey bars, esculin. Mean percentage 760 

of total scintillation counts per seedling following application of 14C-sucrose or mean 761 

percentage of total fluorescence per seedling following application of esculin. Both 762 

measurements taken 4 hours after application to cotyledons. Each bar represents a minimum 763 
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of 10 seedlings across two independent experiments. Error bars = SEM (B) Esculin 764 

translocating in the root of a 7-day-old Arabidopsis seedling following application to the 765 

cotyledons i) early in the phloem, first point marked and time noted for velocity 766 

measurements ii) moving towards the root tip in the phloem, second point marked. Bar = 0.5 767 

mm. 768 

 769 

Figure 2. Variations in environmental conditions affect phloem velocity and partially 770 

regulate AtSUC2 expression. (A) Exogenous sucrose concentration, (B) Growth 771 

Temperature, (C) Light Intensity, (D) Dynamic response to changes in light intensity, (E) 772 

Seedling Age (days after germination). Primary Y-axis is phloem transport velocity, error 773 

bars = SEM, n=minimum of 25 across minimum of 3 independent biological replicates. 774 

Secondary Y-axis is relative expression of AtSUC2. Error bars = SEM from 4 independent 775 

biological replicates. *  or # indicates a p-value of ≤ 0.05  determined by t-test, for PTV or 776 

AtSUC2 expression respectively, compared with the relevant control. 777 

 778 

 779 

Figure 3. Phloem transport velocity varies throughout the day. (A) Under long day 780 

conditions (16 hours light:8 hours dark) and (B) short day conditions (8 hours light:16 hours 781 

dark). ZT0 = Dawn. Shaded areas represent the relevant period of dark. Error bars = SEM, 782 

n=minimum of 25 seedlings across a minimum of 3 independent biological replicates 783 

 784 

Figure 4. Sucrose concentration in both the source and sink tissues varies under 785 

different environmental conditions. Sucrose concentration was measured in an enzymatic 786 

assay from the cotyledons (Cots, grey bars) and the rest of the seedling (RoS, black bars) 787 

grown under a range of environmental conditions. (A) Growth temperature, (B) Light 788 

intensity, LL= Low Light, SL= Standard Light, HL=High Light, (C) Dynamic changes in 789 

light intensity, seedlings grown under one light intensity were switched to the opposite at 790 

dawn and harvested after 2 hours, (D) Seedling age, (E) Time of Day, cotyledons only. ZT = 791 

Zeitgeber Time, ZT0 is defined as time of lights on. (F) Time of Day, RoS only. Error bars 792 

represent SEM, n= 4 across 3 independent replicates. *  indicates a p-value of ≤ 0.05 for 793 

sucrose concentration compared with the relevant control calculated by t-test on log-794 

transformed data. 795 

  796 

 797 
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Figure 5. Phloem velocity remains responsive to environmental conditions when 798 

AtSUC2 is expressed under a phloem-specific foreign promoter. Esculin translocation was 799 

used to measure phloem velocity under a range of environmental conditions in 7-day-old 800 

atsuc2-1 seedlings expressing either AtSUC2pro:AtSUC2 or CoYMVpro:AtSUC2. (A) 801 

Exogenous sucrose concentration, (B) Growth Temperature, (C) Light Intensity, (D) 802 

Dynamic response to changes in light intensity. Error bars represent SEM, n=minimum of 10 803 

seedlings across 3 replicates. 804 

 805 

 806 

 807 

 808 
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