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SHORT ABSTRACT  32 
Observing the water distribution within the xylem provides significant information regarding 33 
water flow dynamics in woody plants. In this study, we demonstrate the practical approach 34 
to observe xylem water distribution in situ by using a cryostat and cryo-SEM, which 35 
eliminates artifactual changes in the water status during sample preparation. 36 
 37 
LONG ABSTRACT  38 
A scanning electron microscope installed cryo-unit (cryo-SEM) allows specimen observation 39 
at subzero temperatures and has been used for exploring water distribution in plant tissues 40 
in combination with freeze fixation techniques using liquid nitrogen (LN2). For woody 41 
species, however, preparations for observing the xylem transverse-cut surface involve some 42 
difficulties due to the orientation of wood fibers. Additionally, higher tension in the water 43 
column in xylem conduits can occasionally cause artifactual changes in water distribution, 44 
especially during sample fixation and collection. In this study, we demonstrate an efficient 45 
procedure to observe the water distribution within the xylem of woody plants in situ by 46 
using a cryostat and cryo-SEM. At first, during sample collection, measuring the xylem water 47 
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potential should determine whether high tension is present in the xylem conduits. When 48 
the xylem water potential is low (< ca. −0.5 MPa), a tension relaxation procedure is needed 49 
to facilitate better preservation of the water status in xylem conduits during sample freeze 50 
fixation. Next, a watertight collar is attached around the tree stem and filled with LN2 for 51 
freeze fixation of the water status of xylem. After harvesting, care should be taken to ensure 52 
that the sample is preserved frozen while completing the procedures of sample preparation 53 
for observation. A cryostat is employed to clearly expose the xylem transverse-cut surface. 54 
In cryo-SEM observations, time adjustment for freeze-etching is required to remove frost 55 
dust and accentuate the edge of the cell walls on the viewing surface. Our results 56 
demonstrate the applicability of cryo-SEM techniques for the observation of water 57 
distribution within xylem at cellular and subcellular levels. The combination of cryo-SEM 58 
with non-destructive in situ observation techniques will profoundly improve the exploration 59 
of woody plant water flow dynamics. 60 
 61 
INTRODUCTION 62 
Availability of water resources (i.e., precipitation, soil water content) strictly determines the 63 
mortality and geographic distribution of plant species, since they need to absorb water from 64 
the soil and transport it to the leaves for photosynthetic production. Plants must maintain 65 
their water transport system under fluctuating water supplies. In particular, woody plants 66 
generate high tensions in their conduits along the transpiration streams as, in some cases, 67 
they need to hold their crown more than ~100 m above ground. To maintain water columns 68 
under such high negative pressure, xylem conduits consist of a continuum of tubular cells 69 
with rigid and hydrophobic–lignified cell walls1. The vulnerability to xylem dysfunction of 70 
xylem conduits in each species is a good determinant of the species survival under 71 
fluctuating water supply2. In addition, studying the water status of xylem conduits is 72 
important for the evaluation of the health condition of individual trees subjected to abiotic 73 
or biotic stresses. Measuring sap flow or water potential can provide estimates of a woody 74 
plant's water status due to the integrated hydraulic function of xylem conduits. 75 
Furthermore, visualizing the distribution of water in xylem cells can clarify the condition of 76 
individual components of the xylem hydraulic system. 77 
 78 
Several techniques for visualizing the water status of xylem conduits exist3. The classical and 79 
useful methods for observing water pathways in woody tissue involve staining the water 80 
column by immersing the ends of cut branches into a dye or by injecting a dye into standing 81 
tree stems4. Soft X-ray photography also allows the visualization of water distribution of 82 
sliced wood disks due to the differential X-ray absorption intensity of the moisture in 83 
xylem5,6. These methods, however, only provide tracks of water movement or demonstrate 84 
macroscopic distributions of water. Recently, non-destructive observation techniques, such 85 
as micro focus X-ray computed tomography (µCT)7-10 and magnetic resonance imaging 86 
(MRI)11,12, have been significantly improved to allow observation of water in xylem conduits 87 
within intact saplings. These non-destructive methods have great advantages in that we can 88 
observe the xylem's water status without artificial cutting effects, and we can track water 89 
flow dynamics by sequential imaging or introducing a contrast agent10. However, we need 90 
to use a customized MRI for plant imaging or a specialized facility for synchrotron-based µCT 91 
in order to obtain the images which can identify cellular level water content. In addition, 92 
although the synchrotron-based µCT system enabled to obtain fine images with high spatial 93 
resolution, which is comparable to light microscopy7-9, living cells can be injured by the 94 
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radiation of high energy X-ray13,14. Employing a scanning electron microscope in which 95 
cryo-units are installed (cryo-SEM) is a very useful method for precisely locating the water in 96 
xylem at a cellular level, although this requires destructively harvesting the sample for 97 
observation. To fix the water in xylem conduits, a portion of the stems (i.e., twigs, branches 98 
or stems) are frozen in situ by liquid nitrogen (LN2). Observations of the surface of trimmed, 99 
frozen specimens by cryo-SEM provide highly-magnified images of the xylem structure from 100 
which we can identify the water in xylem conduits as ice. A significant limitation of this 101 
method is that sequential observation of water movability within the same sample is 102 
impossible. However, the application of µCT or MRI for sequential observation of trees that 103 
live in a field is extremely challenging because these instruments are not portable. In 104 
contrast, cryo-SEM has a potential for using this technique on big trees in field experiments 105 
to clearly visualize water contents at not only the cellular level but also at a finer structure 106 
level, e.g., water in intervascular pits15, water in intercellular spaces16, or bubbles in water 107 
column17. 108 
 109 
Many studies observing xylem water by cryo-SEM have been reported 5,12,18-23. Utsumi et al. 110 
(1996) initially established the protocol for observation of xylem in situ by freeze-fixation of 111 
a living trunk via filling LN2 into a container set onto the stem21. The temperature of the 112 
sample was maintained below –20 °C during sample collection and during cryo-SEM 113 
preparation in order to avoid melting the ice within xylem conduits. This method has been 114 
used to observe the water in xylem in order to clarify water distribution under changing 115 
water regime11,12,24-28, the seasonal variation of water distribution21,29,30, the effect of 116 
freeze-thaw cycles17,31,32, the distribution of water in wet wood5, changes in the water 117 
distribution during the transition from sapwood to heartwood20, seasonal time course of 118 
cambial activity and differentiation of vessels33, and cavitation induced by certain biotic 119 
stresses23,34. Hydraulic conductivity and conduits vulnerability to cavitation have also been 120 
verified using cryo-SEM35,36. Cryo-SEM equipped with energy dispersive X-ray spectrometry 121 
(EDX or EDS) has been used to study element distribution over the surface of a specimen 122 
containing water37. 123 
 124 
Freeze-fixation of a living trunk which contains conduits under high hydraulic tension 125 
sometimes causes artificial cavitations which are observed by cryo-SEM as fractured ice 126 
crystals in the lumen of conduits38,39. In particular, broadleaved species with longer and 127 
wider conduits are vulnerable to tension–induced artifacts, such as cavitation caused by 128 
sample cutting, even if conducted under water3,40. Cavitation artifacts become conspicuous 129 
after sampling of a transpiring tree (i.e., sampling during the day time) or under severe 130 
drought conditions and they can mislead to an overestimation of cavitation occurrence3,38,39. 131 
Therefore, the tension working in the conduits has to be released in order to avoid the 132 
artifactual cavitation3,12,39. 133 
 134 
The freeze-fracture technique using a knife installed in a specimen chamber is often 135 
employed to expose specimen surface for cryo-SEM observation. However, freeze-fractured 136 
planes of woody plant tissues, especially transverse sections of secondary xylem, are too 137 
rough to clearly observe the anatomical features and water in the tissue6. The application of 138 
a cryostat for trimming a specimen allows rapid and high-quality preparation of sample 139 
surfaces20,23. The overall goal of this method is providing evidence with electron microscopy 140 
resolution of the water distribution in various kinds of xylem cells in situ without the 141 
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occurrence of sampling artifacts. We introduce our updated procedure, which has been 142 
steadily improved since we first adopted it, regarding the sampling, trimming and cleaning 143 
the specimen surface for obtaining high-quality electron micrographs of cryo-fixed samples 144 
of xylem. 145 
 146 
PROTOCOL 147 
 148 
NOTE: A schematic chart of this protocol is shown in Figure 1.  149 
 150 
1. Sampling: Tension Relaxation within Water Column of Xylem Conduits 151 
 152 
NOTE: The following tension relaxation treatment is recommended before the LN2 153 
application to avoid both freezing and tension–induced artifacts in the xylem water 154 
distribution. 155 
 156 
1.1. Enclose a branch and leaves for sampling with a black plastic bag to equilibrate the 157 
water potential between xylem and leaves. 158 
 159 
1.2. Determine the water potential of at least two leaves from the sample using a pressure 160 
chamber or a psychrometer. When the water potential is higher than ca. −0.5 MPa (i.e., no 161 
or very-low tension exists), a sample can be harvested after freezing (refer to section 2: 162 
Freeze fixation). When the water potential is lower than −0.5 MPa, a treatment for 163 
relaxation is needed as described below. 164 
 165 
1.3. For harvesting flexible stems such as thin branches or twigs, sink a cutting portion into 166 
a water-filled bucket by bending the stem. Cut under the water surface using pruning shears 167 
or a saw. For harvesting a rigid stem which is hard to bend, fix a watertight collar around the 168 
stem in order to be filled with water. A plastic cup without bottom can serve as a watertight 169 
collar. 170 
 171 
1.4. Keep the cut end of the sample under water. For broadleaved species, ensure that the 172 
length from the spot where a cryo-sample for SEM will be obtained to the cut edge of the 173 
harvested stem is longer than the samples' maximum vessel length in order to prevent 174 
tension–induced artifacts within the cryo sample. 175 
 176 
1.5. Cover the sample containing leaves with a black plastic bag to reduce transpiration. 177 
Keep the cut end of the sample in the water and maintain this condition for approximately 178 
30 min in order to relax the xylem tension. Avoid a longer relaxation time (>1 h) due to 179 
possible artificial refilling of cavitated conduits12. 180 
 181 
1.6. Measure the water potential again to confirm the relaxation of the xylem tension 182 
(nearly 0 MPa). 183 
 184 
NOTE: When sampling a large tree, or a large branch, it is difficult to conduct the 185 
tension-relaxation procedures described above. Therefore, samples from large trees must 186 
be collected during the predawn period when the xylem water potential is higher. 187 
 188 
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2. Freeze Fixation with LN2 189 
 190 
2.1. Cut and open one side of a watertight collar with scissors or a utility knife. Tightly 191 
attach the collar around the stem with an adhesive tape while holding the aperture 192 
horizontally. 193 
 194 
2.2. Wear insulating gloves/mitten, but make sure to hold the bottle of LN2 safely, and run 195 
LN2 into the collar to fill it with LN2. Keep it filled by steadily adding LN2 to completely freeze 196 
the water in the xylem. The time required for freezing is dependent on the sample size; 1 197 
min is sufficient for a small twig or a seedling, while more than 20 min is needed for a stem 198 
of a larger tree20. Add LN2 continuously during freezing as it evaporates rapidly due to large 199 
temperature differences between LN2 and ambient temperatures. 200 
 201 
2.3. Detach the collar from the frozen portion of the sample stem in order to remove LN2 202 
after the sufficient freezing time. Make sure to wear insulating gloves to avoid contact with 203 
potential LN2 spills caused by detaching the collar. 204 
 205 
2.4. Harvest the sample with a fine handsaw immediately. 206 
 207 
2.5. Cover the frozen sample with a piece of aluminum foil or put it into a sample tube, on 208 
which sample ID numbers are written. Rapidly place the harvested sample into a container 209 
filled with LN2 or pack into an insulated box filled with dry ice. 210 
 211 
2.6. Store the samples in a deep freezer until observation. The preferred storage 212 
temperature is −80 °C in order to prevent ice sublimation and its recrystallization during 213 
storing. 214 
 215 
3. Specimen Preparation 216 
 217 
NOTE: For observation, a sample must be trimmed and its surface for observation must be 218 
planed at subzero temperature in order to keep the water distribution in its xylem in situ. A 219 
biological microtome with a cryostat system (cryostat) is ideal for trimming and exposing 220 
the surface of a specimen in this type of observation by cryo-SEM. 221 
 222 
3.1. Set the temperature of the specimen chamber of the cryostat to −30 °C, which is 223 
usually cold enough to keep the xylem sap of most plants in a frozen state. 224 
 225 
3.2. Trim a sample into a small piece (< ca. 2 cm in height and < ca. 1 cm in width or 226 
diameter) that can be adjusted for the specimen holder of a cryo-SEM. Use a sharp knife or 227 
a fine-toothed saw for trimming in order to prevent breaking the ice in the specimen. In the 228 
case of a larger sample that cannot be cut with a knife, quickly pre-cut with a cooled saw in 229 
a freezer box.  230 
 231 
3.3. Attach the trimmed piece to a holder for a cryostat by mounting onto a tissue freezing 232 
embedding medium (e.g., OCT compound) for cryo-sectioning. 233 
 234 
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3.4. Trim the surface by repeatedly shaving with 5–7 µm sections in thickness. Trimming by 235 
cutting away more than 1000 to 2000 µm, in total depth from the initial surface at sample 236 
collection, is useful for eliminating the damaged portion of the sample caused by pre-cutting 237 
with a knife or saw as described in the step 3.2. 238 
 239 
3.5. After roughly trimming a surface of the sample, adjust an unused portion of the 240 
microtome blade above the specimen's surface. Do not allow the blade to touch the sample 241 
which would exceed the thickness setting. 242 
 243 
3.6. Before the first cut by the unused blade portion, slightly widen the distance between 244 
the surface of the specimen and the blade. 245 
 246 
3.7. Cut the surface of the sample only once or twice. Further, slide the blade again 247 
adjusting an unused blade portion on the specimen's surface. 248 
 249 
3.8. Repeat steps 3.6 and 3.7 three or four times. This is important in order to obtain a 250 
clear surface without “knife marks” (Figure 4). 251 
 252 
3.9. After the final cut, set the blade's position far from the sample to prevent dust from 253 
sticking onto the sample. 254 
 255 
3.10. Detach the specimen from the sample holder by removing the frozen embedding 256 
medium with a sharp knife. Ensure that the specimen is placed in the cryostat chamber to 257 
prevent its planed surface from frost dust.  258 
 259 
3.11. Attach the specimen to a cryo-SEM specimen holder with a tissue freezing embedding 260 
medium in the cryostat chamber. 261 
 262 
4. Transfer to the Cryo-SEM Specimen Chamber 263 
 264 
NOTE: The surface–prepared specimen must be protected from an increase of temperature 265 
or accumulation of frost during the transfer from the cryostat chamber to the observation 266 
stage in the cryo-SEM specimen chamber.  267 
 268 
4.1. Maintain the cold stage temperature in the cryo-SEM specimen chamber at lower 269 
than –120 ˚C with LN2 according to the equipment's user manual. 270 
 271 
4.2. Place the specimen holder with the prepared specimen into an insulating container 272 
filled with LN2. 273 
 274 
4.3. Hold the specimen holder with a specimen exchanging rod beneath the LN2. Avoid 275 
exposing the specimen holder to air whenever possible. 276 
 277 
4.4. Rapidly set the specimen holder to the pre-evacuation chamber of the cryo-SEM 278 
specimen chamber and place the specimen holder on the cold stage after air is fully 279 
evacuated. Although a bit of frost accumulation is unavoidable, the "freeze-etching" 280 
procedure (step 6) can remove it. 281 
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 282 
5. Setting in SEM 283 
 284 
NOTE: Typical setting for the observation is described below. Some modifications are 285 
required depending on the vacuum condition or electron beam. 286 
 287 
5.1. Set the SEM parameters for observation as follows: 288 
Acceleration voltage: 3–5 kV 289 
Temperature of the specimen stage: < −120 °C 290 
Detector: Secondary emission 291 
 292 
6. Freeze-etching 293 

 294 
NOTE: Freeze-etching is the procedure for accentuating the edge of the sample's cell walls 295 
by slight ice crystal sublimation. Freeze-etching also involves removing surface frost dusts.  296 
 297 
6.1. Turn on the acceleration voltage of the electric gun during freeze-etching. It is better 298 
to conduct freeze-etching while observing the specimen. 299 
 300 
6.2. Raise the temperature of the specimen stage to −100 °C. 301 
 302 
6.3. Wait for several minutes until frost dust is removed and the surface level of the ice in 303 
xylem cells has decreased slightly by comparison to the cell walls. 304 
 305 
6.4. Lower the temperature of the specimen stage to −120 °C. 306 
 307 
NOTE: If there is no installed temperature controller for the specimen stage, hold the 308 
specimen using the exchange rod and detach it from specimen stage for a few minutes. 309 
Observe the specimen several times during this freeze-etching process to verify the 310 
specimen's sublimation status. 311 
 312 
7. Metal Coating (Optional) 313 
 314 
NOTE: Recent improvements to the SEM instrument and image processing can provide high 315 
quality images of electric insulating specimens without metal coating. However, 316 
non-conductive specimens, such as biological materials, are sometimes subject to charge; 317 
higher brightness at specific positions of the specimen due to accumulation of electrons 318 
(“charging”). Exposing the specimen to electron beams for a longer period of time or for a 319 
high magnification, increases the charging effects. Coating the surface of the specimen with 320 
electric-conductive metal materials prevents the occurrence of charging. Use the vacuum 321 
coating system which is installed within the cryo-SEM unit in order to prevent the 322 
temperature of the specimen from increasing during coating. 323 

 324 
7.1. Ensure that coating material is installed at a designated evaporator head of the 325 
coating system. 326 
 327 

7.2. Maintain the temperature of the cold stage in the coating system below −170 °C. 328 
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 329 
7.3. Place the specimen holder on the cold stage of the coating system after sufficient 330 
freeze-etching. 331 
 332 
7.4. Open a partition between the cold stage and the evaporator head. 333 
 334 
7.5. Set the current value and the voltage value of the evaporator head at ca. 30 mA and 335 
ca. 5 V, respectively. 336 
 337 
7.6. Evaporate coating material for ca. 30 s to coat the surface of the specimen. 338 
 339 
7.7. Set both of the current and voltage values of the evaporator head at zero and close 340 
the partition. 341 
 342 
7.8. Place the specimen holder on the cold stage of the specimen chamber for observation. 343 

 344 
REPRESENTATIVE RESULTS: 345 
Representative images of transverse-cut surfaces of coniferous and broadleaved tree xylem, 346 
observed by cryo-SEM, are shown in Figure 2. At low magnification, the black area in the 347 
images indicates the cavities from which water entirely or partly disappears, and the gray 348 
area indicates xylem cell walls, cytoplasm, and water (Figure 2A). At high magnification, it is 349 
apparent that the water is not entirely lost from the lumina of three tracheids, indicating 350 
the occurrence of macro bubbles in the xylem sap in situ (Figure 2B). With respect to 351 
broadleaved species, cavitation occurrence is easily detected within vessels, while water 352 
existence is hard to distinguish within fibers, especially at low magnification (Figure 2C). 353 
Cytoplasm in axial parenchyma can be distinguished from water within vessels through ice 354 
plain textures. 355 
 356 
The effect of temperature on the freeze-etching process is shown in Figure 3. Frost dust is 357 
gradually removed and intertracheary pit membranes become clearer through the 358 
progression of sublimation with increasing temperature. Remaining large frost dust particles 359 
can be eliminated by further freeze-etching but this can be problematic as it unnecessarily 360 
decreases the surface-level of ice in xylem conduits.  361 
 362 
The high quality of observation is largely achieved through accurate specimen preparation; 363 
especially important is smoothing the surface with a sharp blade of the microtome. 364 
Insufficient smoothing by a used-blade can sometimes cause rough surface (called "knife 365 
marks", Figure 4) or numerous occurrences of dust from the cuts. After carefully planning 366 
the specimen's surface, the quick transfer of the specimen to the specimen chamber is also 367 
crucial for eliminating contaminations caused by frost formation.  368 
 369 
Sample freezing without the relaxation of negative water column pressure will cause 370 
artifactual induction of cavitation in xylem conduits (Figure 5). Clustered ice crystals were 371 
observed in vessels of specimens from which the sample was not relaxed (arrowheads in 372 
Figure 5A), contrastingly, no clustered ice crystals were observed in relaxed sample 373 
specimens with a similar water potential (Figure 5B). This tends to be more significant in 374 
xylem of broadleaved trees rather than in coniferous trees (unpublished data).  375 
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 376 
FIGURE LEGENDS 377 
Figure 1: A schematic chart of this protocol. The flow of procedures from sampling to SEM 378 
observation described in this paper is shown. 379 
 380 
Figure 2: Example cryo-SEM micrographs of the transverse-cut surfaces of angiosperm and 381 
gymnosperm tree species. Gray and black areas in xylem cells correspond to the water and 382 
cavities in the water column of xylem cells, respectively. Since samples were freeze-fixed 383 
with liquid nitrogen prior to sample collection, the images by cryo-SEM show the plant's 384 
water status and native embolism at the moment of sampling. (A) and (B): two-year-old twig 385 
of an adult tree of Cryptomeria japonica (coniferous wood). The diameter of the twig was 3 386 
mm, and water potential was −0.39 MPa at predawn harvesting. (C): two-year-old shoot of 387 
Carpinus tschonoskii (diffuse-porous wood) seedling (1.4 m in height and 1.1 cm in basal 388 
diameter). The seedling was sampled after tension-relaxation procedure following 389 
prolonged limitation of irrigation for four days. The water potential was −1.78 MPa after a 390 
prolonged drought and was −0.15 MPa after the tension-relaxation procedure. Tr: tracheid, 391 
R: ray parenchyma, V: vessel, F: fiber, AP: axial parenchyma. 392 
 393 
Figure 3: Defrost and etching procedure progress by raising the temperature of the cold 394 
specimen stage. Transverse-cut surface of xylem of a Cryptomeria japonica twig (coniferous 395 
wood). The decreasing temperatures of the specimen stage are (A) −113.0 °C, (B) −105.3 °C, 396 
(C) −101.9 °C and (D) −99.7 °C. Each image was obtained approximately 5 min after the 397 
temperature of the cold specimen stage was set at the respective temperature value. Ice 398 
sublimation progresses if the temperature of the stage is maintained above approximately 399 
−120 °C (for our equipment). Tr: tracheid, B: bordered pit pair, Pm: pit membrane. 400 
 401 
Figure 4: Knife mark example. Transverse-cut surface of xylem of a Cryptomeria japonica 402 
twig (coniferous wood) showing so-called knife marks. Arrowheads and dashed lines 403 
represent typical knife marks. Clearing the surface of a specimen by a cryostat should be 404 
completed by an unused portion of the knife blade. 405 
 406 
Figure 5: Example of the effect of relaxation of the water column tension in conduits. 407 
Transverse-cut surface of stem of a Carpinus tschonoskii seedling (diffuse-porous wood) 408 
observed by cryo-SEM. The water potential during the daytime was similar in both seedlings. 409 
The stem of the transpiring seedling was frozen intact (A), while the stem of another 410 
seedling was frozen after relaxation of the existing hydraulic tension (B). The water potential 411 
of (B) at harvesting was −0.5 MPa after the tension-relaxation procedure. Arrowheads in 412 
panel (A) are freezing artifacts of ice crystals within vessels. 413 
 414 
DISCUSSION 415 
The cryo-SEM observation methods introduced in this paper are practical for clearly 416 
visualizing water distribution on a cellular scale. Through this method, exploring the changes 417 
in the distribution of water within xylem can potentially help clarify the mechanism of tree 418 
species tolerance to abiotic stress (water shortage or freezing) or biotic stress (tree disease). 419 
The most crucial step in this method is preserving the water distribution characteristic of 420 
the native water status during sample collection and subsequent sample preparation. Xylem 421 
tissue of species with long conduits (especially earlywood vessels of ring-porous trees) can 422 
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easily lose water during harvesting and freezing. Cochard et al. (2000) have discussed 423 
freezing artifacts due to high tension in the water column along xylem conduits38,41. 424 
Umebayashi et al. (2016) confirmed the validity of cryo-SEM observations of tension-relaxed 425 
samples by comparison to non-destructive MRI observations39. Both observation techniques 426 
showed a similar pattern of water distribution. Although we still need to verify the 427 
species-specific robustness against air-entry induced by freezing under high hydraulic 428 
tension, relaxation procedures should be conducted to provide reliable estimations of water 429 
distributions, and in particular for water-stressed plants. 430 
 431 
Frost and ice particles are significant obstacles to detailed observation. To prevent frost 432 
accumulation, the specimen should not be exposed to the atmosphere until it is attached to 433 
the cryo-SEM specimen chamber. Although exposure to the atmosphere cannot be entirely 434 
prevented during the transfer of the sample to the specimen chamber, the transfer time 435 
should be kept short. The insulating transfer container of the specimen holder should be 436 
well dried after removing the specimen holder and LN2 in order to prevent frost and ice 437 
originated from dew condensation. 438 
 439 
The appropriate length of time for freeze-etching depends on the performance of the 440 
instruments used. Important factors in determining this are the vacuum level in the 441 
specimen chamber and the stability of the temperature controller of the specimen stage. 442 
The extent of sublimation corresponding to the temperature should be primarily assessed 443 
before formal use. Excessive freeze-etching will attenuate the presence of water in xylem 444 
conduits and make it difficult to be identified, especially in the lumina of narrow cells. 445 
 446 
It takes specific steps and efforts to ensure that destructive methods of sampling are free 447 
from artifact occurrence during the freezing, harvesting and trimming procedures. Although 448 
the significance of the occurrence of artifacts is frequently pointed out, the degree of 449 
occurrence of freezing artifacts in xylem conduits has not been sufficiently validated38,39. 450 
Further validation by non-destructive methods is desirable for confirming the accuracy of 451 
the tension-relaxation procedure and the freeze-fixation. Since synchrotron-based µCT or 452 
MRI systems have not been sufficiently prevalent in the study of plant-water relations by 453 
comparison to the cryo-SEM system, application of a commercial µCT system can possibly 454 
progress the validation of cryo-SEM results42.  455 
 456 
Hydraulic tree traits, such as sap flux, hydraulic conductivity of stem segments, percentage 457 
loss of conductivity (PLC), or xylem capacitance provide estimates of tree water use and 458 
resistance to drought. Comparison of water use among species is needed for predicting tree 459 
survival under water stress caused by anthropogenic climate change2. Cryo-SEM 460 
observation has many advantages in providing anatomical knowledge for clarifying the 461 
cause of changes within hydraulic features. The recent improvements of both destructive 462 
and non-destructive methods of plant anatomical and hydraulic studies can together 463 
deepen our understanding of the nature of tree water use. 464 
 465 
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review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Sep. 27, 2018

Kenichi Yazaki

Department of Plant Ecology

Forestry and Forest Products Research Institute

Water distribution in the transverse face of xylem in woody plants using cryo–scanning electron 
microscope



Dear Dr. Wu, 

 

Please find enclosed manuscripts entitled " Xylem water distribution in woody plants visualized 

with a cryo-scanning electron microscope". We have revised the manuscript to address your 

comments. Your comments are in blue text and our response follows. 

 

I am looking forward to your decision. 

 

Sincerely yours, 

Kenichi Yazaki 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

Done.  

2. Please use h, min, s for time units. 

Done. 

3. Step 5.1: Please write this step in the imperative tense. 

We have revised the sentence in step 5 as follows: 

"NOTE: Typical setting for the observation is described below. Some modifications are 

required depending on the vacuum condition or electron beam. 

5.1. Set the SEM parameters for observation as follows:" 

4. 7.1: Please write this step in the imperative tense. 

We have added steps describing actions for metal coating to this paragraph. We have 

regarded original the sentence as "NOTE". We have added the materials for coating to the 

list.  

" NOTE: Recent improvements to the SEM instrument and image processing can provide high 

quality images of electric insulating specimens without metal coating. However, 

non-conductive specimens, such as biological materials, are sometimes subject to charge; 

higher brightness at specific positions of the specimen due to accumulation of electrons 

(“charging”). Exposing the specimen to electron beams for a longer period of time or for a high 

magnification, increases the charging effects. Coating the surface of the specimen with 
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electric-conductive metal materials prevents the occurrence of charging. Use the vacuum 

coating system which is installed within the cryo-SEM unit in order to prevent the temperature 

of the specimen from increasing during coating. 

7.1. Ensure that coating material is installed at a designated evaporator head of the coating 

system. 

7.2. Maintain the temperature of the cold stage in the coating system below −170 ˚C. 

7.3. Place the specimen holder on the cold stage of the coating system after sufficient 

freeze-etching. 

7.4. Open a partition between the cold stage and the evaporator head.. 

7.5. Set the current value and the voltage value of the evaporator head at ca. 30 mA and ca. 5 V, 

respectively. 

7.6. Evaporate coating material for ca. 30 s to coat the surface of the specimen. 

7.7. Set the current value of the evaporator head at zero, and close the partition. 

7.8. Place the specimen holder on the cold stage of the specimen chamber for observation." 

 

5. There is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the Protocol in 

yellow (including headings and spacing) that identifies the essential steps of the protocol for the video, 

i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. 

We have marked essential steps to be filmed. Extracted steps have been described in a 

separate file named " 59154_R2_essential.docx". 

6. Figure 1: Please add a short description in addition to the figure title in Figure Legend. 

We have added the description of figure 1 as follows: 

"The flow of procedures from sampling to SEM observation described in this paper is shown." 

 

Additionally, we have collected both title of section 2 and the sentence in Step 3.7 as 

follows: 

"2. Freeze fixation with LN2" 

"3.7. Cut the surface of the sample only once or twice." 


