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SUMMARY:  24 

The purpose of this protocol is to visualize Candida albicans cell shape and localization in the 25 

mammalian gastrointestinal tract. 26 

 27 

ABSTRACT:  28 

Candida albicans is a fungal component of the gut microbiota in humans and many other 29 

mammals. Although C. albicans does not cause symptoms in most colonized hosts, the 30 

commensal reservoir does serve as a repository for infectious disease, and the presence of high 31 

fungal titers in the gut is associated with inflammatory bowel disease. Here, we describe a 32 

method to visualize C. albicans cell morphology and localization in a mouse model of stable 33 

gastrointestinal colonization. Colonization is established using a single dose of C. albicans in 34 

animals that have been treated with oral antibiotics. Segments of gut tissue are fixed in a manner 35 

that preserves the architecture of luminal contents (microorganisms and mucus) as well as the 36 

host mucosa. Finally, fluorescent in situ hybridization is performed using probes against fungal 37 

rRNA to stain for C. albicans and hyphae. A key advantage of this protocol is that it allows for 38 

simultaneous observation of C. albicans cell morphology and its spatial association with host 39 

structures during gastrointestinal colonization.  40 

 41 

INTRODUCTION:  42 

Candida albicans is a fungal commensal as well as an opportunistic human pathogen. This yeast 43 

lacks a defined environmental niche and instead propagates within the gastrointestinal (GI) tract, 44 
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skin, and genitourinary tract of humans and other mammals1. Whereas early research on C. 45 

albicans focused primarily on its virulence potential, several recent reports suggest that 46 

commensally propagating organisms within the gut may play important roles in normal health, 47 

including the immune development of the host2-4. To facilitate investigations of C. albicans 48 

commensalism within the mammalian gut, we developed a mouse model of stable GI 49 

colonization and a fluorescence in situ hybridization (FISH)-based method to visualize fungal 50 

yeast cells and hyphae within the intestinal lumen. 51 

 52 

With some exceptions5, laboratory-bred mice typically exhibit resistance to fungal colonization 53 

of the digestive tract. Colonization resistance is thought to be mediated by specific bacterial 54 

species; however, this can be overcome by treatment of the animals with antibiotics6,7 or use of 55 

a chemically-defined diet that presumably alters bacterial species composition8,9. Similarly, in 56 

humans, the use of broad-spectrum antibiotics has been associated with C. albicans overgrowth 57 

and dissemination10. Our murine colonization model uses broad-spectrum antibiotics to establish 58 

C. albicans colonization of immunocompetent, conventionally reared mice. Penicillin and 59 

streptomycin are provided in the animals’ drinking water for one week prior to gavage with 108 60 

colony forming units (CFUs) of C. albicans. As long as the antibiotic-infused water is continued, C. 61 

albicans will propagate through the GI tract, reaching fecal titers of 106−108 CFUs/g. Despite the 62 

high level of fungal colonization, animals remain healthy and gain weight at the same rate as 63 

uninfected controls. This model has been used successfully to screen for and characterize 64 

multiple C. albicans commensalism factors11,12. 65 

 66 

Like other members of the fungal kingdom, C. albicans is capable of enormous morphological 67 

plasticity13. Under in vitro conditions, it has been shown to transition among at least six 68 

unicellular yeast cell types, as well as multicellular hyphae and pseudohyphae. The yeast-to-69 

hypha transition is one of its best-characterized virulence attributes, and hyphae and 70 

pseudohyphae predominate in most mammalian disease models, as well as in infected human 71 

tissues. To determine C. albicans localization and cell morphology within the murine digestive 72 

tract, we developed a FISH technique for staining yeasts and hyphae in fixed histological sections. 73 

The probes consist of fluorescently labeled DNA oligonucleotides that hybridize to fungal 23S 74 

ribosomal RNA (rRNA), which is distributed throughout the fungal cytoplasm. Because host 75 

tissues are fixed in a manner that preserves the three-dimensional architecture of the gut, 76 

including the host mucosa, digestive material, the bacterial microbiota, and mucus within the gut 77 

lumen, this technique permits the localization of fungal cells with respect to these landmarks 78 

when stained. The FISH technique compares favorably to traditional histological stains for fungi, 79 

such as Periodic Acid Schiff (PAS) or Gomori's Methenamine-Silver (GMS), as well as commercially 80 

available antifungal antibodies, because these reagents are not specific for C. albicans. Moreover, 81 

standard fixatives remove the mucus layer and disrupt other contents of the gut lumen14,15.  82 

 83 

In this article, we provide detailed instructions for establishing high-grade C. albicans colonization 84 

of the mouse GI tract, for dissection of the digestive tract from euthanized animals, for tissue 85 

fixation in a manner that preserves luminal architecture, and for detection of C. albicans within 86 

host tissues using FISH. In addition to wild type and mutant strains of C. albicans, the gavage 87 

technique can be used to deliver other microorganisms. The fixation technique would be useful 88 



   

for any study in which preservation of gut contents is desired. The FISH procedure can be 89 

completed within a day and can be used to localize multiple fungal species by using multiple, 90 

differentially labeled probes.  91 

 92 

PROTOCOL: 93 

 94 

The steps described below have been approved by the UCSF Institutional Animal Care and Use 95 

Committee (IACUC). 96 

 97 

1. Gastrointestinal colonization of mice with C. albicans using oral gavage 98 

 99 

1.1. Provide housing for 18−21 g male or female mice (8−10 weeks old) as approved by the local 100 

IACUC. Use autoclaved food and water starting on the first day.  101 

 102 

NOTE: The use of sterilized cages, bedding, food, and water reduces the risk of contamination 103 

with antibiotic-resistant environmental bacteria that can potentially displace C. albicans from the 104 

gut. Further, depending on the experimental question, individual housing of animals should be 105 

considered because mice are coprophagic and gut contents will be shared among cohoused 106 

animals. 107 

 108 

1.2. The following day, replace the autoclaved drinking water with autoclaved water containing 109 

5% glucose, 1,500 units/mL penicillin G, and 2 mg/mL streptomycin.  110 

 111 

1.3. For convenience, prepare 200x antibiotic stock solutions (Table 1) in advance, filter sterilize, 112 

and freeze at −20 °C.  113 

 114 

1.4. Maintain animals on antibiotics for one week. 115 

 116 

1.4.1. On days 3 and 6 after antibiotics have been started, assess each animal’s feces for 117 

contamination with antibiotic-resistant aerobic bacteria. Holding an animal with one hand, place 118 

an uncapped microfuge tube near the anus and collect at least one fecal pellet.  119 

 120 

1.4.2. Resuspend each fecal pellet in 1 mL of sterile water and plate 100 µL on Luria broth (LB), 121 

yeast extract peptone dextrose (YEPD), or brain heart infusion (BHI) plus blood agar plates. 122 

Incubate the plates overnight in a standard incubator (not anaerobic) at 37 °C and assess for 123 

bacterial growth. 124 

 125 

NOTE: Plates should exhibit minimal growth (0−20 colonies). If >20 colonies of bacteria are 126 

recovered from animals treated with penicillin and streptomycin, then it is unlikely that high-127 

level colonization with C. albicans will be established and the experiment should be aborted. 128 

 129 

1.5. Three days prior to gavage, streak C. albicans from frozen glycerol stocks to YEPD + 2% agar 130 

plates and incubate at 30 °C for 2 days. 131 

 132 



   

1.6. One day before gavage, inoculate one colony of each C. albicans strain to be tested into 5 133 

mL of liquid YEPD. Incubate at 30 °C overnight with shaking. 134 

 135 

1.7. The morning of gavage, dilute the saturated culture of C. albicans to an optical density at 136 

600 nm (OD600) of 0.1 in 100 mL of YEPD prewarmed to 30 °C. Shake in an orbital shaker at 200 137 

rpm at 30 °C for between 4 h and 5 h until OD600 reaches 1 (mid-log growth). 138 

 139 

1.8. Transfer each 100 mL culture to two 50 mL conical tubes and centrifuge at 3,000 x g for 5 140 

min at room temperature (RT).  141 

 142 

NOTE: C. albicans propagates relatively slowly at RT. If adapting this protocol for another species, 143 

the inocula may need to be kept on ice to prevent continued growth. 144 

 145 

1.9. Discard the supernatant, resuspend the pelleted cells in 20 mL of sterile saline per 50 mL of 146 

culture, and pool the duplicate resuspended pellets into single conical tubes. Centrifuge at 3,000 147 

x g for 5 min. 148 

 149 

1.10. Discard the supernatant and resuspend in 20 mL of sterile saline. Vortex briefly and remove 150 

20 µL for OD600 measurement. Dilute 1:50 in sterile normal saline. Centrifuge the remaining 151 

resuspended cells at 3,000 x g for 5 min. 152 

 153 

1.11. Discard the supernatant. For an inoculum size of 1 x 108 CFU, resuspend the pelleted cells 154 

to approximately 5 x 108 CFUs/mL in sterile normal saline based on the estimated concentration 155 

determined from OD600 measurement. 156 

 157 

NOTE: Typically, an OD600 of 1 corresponds to ~ 1 x 107 yeast cells/mL. This value may vary by 158 

spectrophotometer and should be verified. If a change in concentration is desired for infections 159 

with a different microorganism, plan for an inoculum volume of ≤10 µL/g mouse to minimize 160 

discomfort to the animal. 161 

 162 

1.12. Verify the concentration of the inoculum by counting a 1:1000 dilution with a 163 

hemocytometer. Adjust the volume of cells to be gavaged based on the concentration 164 

determined using the hemocytometer. 165 

 166 

1.13. Using an animal feeding needle (Figure 1A), gavage each animal with the calculated volume 167 

of a given inoculum. See steps 1.13.1−1.13.8 for the gavage procedure.  168 

 169 

NOTE: Training for gavage should be obtained from an experienced practitioner, and the 170 

procedure should be mastered in advance. A successful procedure for a single animal typically 171 

takes no longer than 1 min.  172 

 173 

1.13.1. Attach an autoclaved animal-feeding needle to a 1 mL syringe and fill the syringe with one 174 

gavage volume, removing any air bubbles to avoid an inaccurate dose. Place on a sterile surface. 175 

 176 



   

1.13.2. Secure the animal for gavage. Hold the animal at the base of the tail with the dominant 177 

hand and slide nondominant hand up the animal’s back to the loose skin just behind the ears. 178 

 179 

1.13.3. Using the forefinger and thumb of the nondominant hand, gather the loose skin together 180 

tightly; this is the “scruff”. Pick up the animal by its scruff and loop small finger of the same 181 

(nondominant) hand around the tail to immobilize animal against the palm of the hand. Gently 182 

extend the animal’s head so that its head and body (and therefore neck and esophagus) are in a 183 

straight line.  184 

 185 

NOTE: Attempting a gavage while the animal’s body is bent or twisted may result in complications 186 

such as esophageal perforation and death of the animal.  187 

 188 

1.13.4. Pick up the syringe with the dominant hand and hold perpendicular to the animal, with 189 

the curved needle pointing down (Figure 1B). Using the ball of the needle, gently hook an inside 190 

corner of the mouth, gently advance the needle along the side of the mouth to the back of the 191 

throat, and finally move the needle to the center.  192 

 193 

NOTE: Introducing the needle along a lateral path helps to avoid resistance from the animal’s 194 

teeth and tongue. 195 

 196 

1.13.5. Once the ball of the needle is at the back of throat, tilt the needle up so that it is parallel 197 

with the animal’s body line (Figure 1C).  198 

 199 

NOTE: At this point, the animal will exhibit a gag reflex. This is a good sign that indicates that the 200 

needle is positioned correctly, and the gagging motion helps to guide the needle down the 201 

esophagus. If there is no gag reflex, the needle may be in the trachea rather than the esophagus. 202 

Gently withdraw the needle and proceed back to step 1.13.1.  203 

 204 

1.13.6. Allow the animal to swallow the inoculum until only a few millimeters remain visible 205 

(Figure 1D). Advance the needle smoothly.  206 

 207 

NOTE: If the needle does not advance, avoid using force, which can damage the esophagus. 208 

Sometimes advancing the last half centimeter will require an extra-large gag from the animal. If 209 

the needle seems to be stuck, slowly withdraw it and try again from step 1.13.4. 210 

 211 

1.13.7. Test that the ball of needle is in the correct location (stomach) by gently advancing the 212 

plunger. If there is no resistance, continue delivering the inoculum. Once the inoculum has been 213 

administered, slowly withdraw the needle.  214 

 215 

1.13.8. Replace the animal in its cage and continue to monitor the animal for 5−10 min for signs 216 

of labored breathing or distress. Verify that the animal resumes normal activity soon after 217 

gavage.  218 

 219 

1.13.9. If the same inoculum will be used with the next animal, clean the needle with an alcohol 220 



   

wipe. Proceed back to step 1.13.1. If a different inoculum will be used, use a new needle and 221 

proceed back to step 1.13.1. 222 

 223 

NOTE: It is important to inspect animals the day after gavage. Animals exhibiting signs of distress 224 

(e.g., hunched posture, labored breathing) should be humanely euthanized, as they have likely 225 

suffered esophageal rupture, damage to the lungs, or another internal injury from which recovery 226 

is unlikely. 227 

 228 

1.14. Following gavage of the animals, plate dilutions of the inocula for dose verification.  229 

 230 

1.14.1. Prepare 10-fold serial dilutions up to 1:105. Plate one gavage volume of the 1:105 dilution 231 

onto a 100 mm plate of Sabouraud dextrose agar. 232 

 233 

1.14.2. Incubate the plate for 2 days at 30 °C. Count CFUs to confirm inoculum dose. 234 

 235 

2. Preparation of gastrointestinal tissues for histology 236 

 237 

NOTE: This section of the protocol is adapted from Johansson and Hansson16. 238 

 239 

2.1. Prepare 500 mL of methacarn solution (60% methanol, 30% chloroform, 10% glacial acetic 240 

acid) in a large screw cap plastic jar for every 2 animals dissected.  241 

 242 

CAUTION: Methanol and chloroform are harmful if inhaled and should be manipulated in a 243 

chemical hood. Glacial acetic acid can be corrosive and should be handled with the proper 244 

personal protective equipment. Methanol, chloroform, and glacial acetic acid should be 245 

discarded as hazardous waste. 246 

 247 

2.2. At the experimental endpoint, euthanize animals humanely according to a protocol 248 

approved by the local IACUC. 249 

 250 

NOTE: In antibiotic-treated animals, C. albicans colonization typically ranges from ~ 106 CFUs/g 251 

on day 5 up to ~ 5 x 107 CFUs/g by day 25. 252 

 253 

2.3. Sterilize dissection tools with 10% bleach and rinse with 70% ethanol. 254 

 255 

2.4. Secure each animal to a dissection surface, with ventral side facing up. Use 30 G needles to 256 

secure the limbs to the dissection surface (Figure 2A). Spray the animal with 70% ethanol to clean 257 

the fur and minimize sticking to the tools. 258 

 259 

2.5. Using blunt-ended forceps, pinch a section of abdominal skin with nondominant hand. Using 260 

scissors with dominant hand, incise the skin and underlying fascia near the base of the pelvis. 261 

Extend the incision in a U shape along each side of the peritoneal cavity and up to the rib cage. 262 

Lift the skin out of the way.  263 

 264 



   

2.6. Using a pencil, prelabel histology cassettes for the GI segments to be assessed. For example, 265 

for each animal, label separate cassettes as “stomach,” “proximal small intestines,” “mid small 266 

intestines,” “distal small intestines,” “cecum,” and “large intestines.” Place a foam pad on the 267 

bottom of each cassette (Figure 2A). 268 

 269 

NOTE: Figure 2B outlines suggested sections to place in cassettes. 270 

 271 

2.7. Using blunt-ended forceps, gently extract the cecum from the peritoneal cavity. Use scissors 272 

to sever connections between the cecum and the small and large intestines.  273 

 274 

NOTE: Cecal tissue is very delicate and easy to rupture. Take care when manipulating. 275 

 276 

2.8. Place the entire cecum into a histology cassette so that it is untwisted and lays flat (Figure 277 

2C). Place a second foam pad on top and close the cassette. Place the cassette into a screw cap 278 

jar containing methacarn. 279 

 280 

2.9. Excise a section of the large intestines that contains 1−2 fecal pellets, with a length less than 281 

that of the cassette.  282 

 283 

2.10. Place the tissue section into the cassette, keeping the tissue flat and untwisted. Overlay 284 

with a second foam pad and close the cassette. Place the cassette into methacarn.  285 

 286 

2.11. For each section of the small intestines to be sampled, excise a 1−2 cm segment that 287 

contains some digestive material.  288 

 289 

2.12. Place the segment into a histology cassette, keeping the tissue flat and untwisted. Overlay 290 

with a second foam pad and close the cassette. Place the cassette into methacarn.  291 

 292 

2.13. For the stomach, sever the connections to the esophagus and small intestines. Place in a 293 

cassette, keeping the tissue flat and untwisted. Overlay with a second foam pad and close the 294 

cassette. Place the cassette into methacarn. 295 

 296 

2.14. Leave the cassettes in methacarn solution at RT for at least 3 h and less than 2 weeks.  297 

 298 

NOTE: There are several points during which the fixed GI segments can be transferred to a 299 

commercial histology service. These tissues can be difficult to section without disruption of 300 

luminal contents, and optimal results will be obtained by an experienced technician. If the 301 

commercial service is willing to perform washes prior to embedding the tissues in paraffin, the 302 

cassettes can be sent at this stage along with instructions for step 2.16. 303 

 304 

2.15. Begin melting enough paraffin wax to cover all tissue cassettes in a large beaker in a 305 

preheated 70 °C hybridization oven. 306 

 307 

2.16. Following fixation, remove the foam pads and return each intact tissue section back into its 308 



   

cassette. Wash the tissues with the following solutions at RT with shaking: twice for 35 min in 309 

100% methanol, twice for 25 min in 100% ethanol, twice for 20 min in xylene. 310 

 311 

CAUTION: Xylene is flammable, toxic, and can cause damage if inhaled. Use in a chemical hood 312 

with proper protection. Dispose of xylene via hazardous waste procedures. 313 

 314 

2.17. Pat the cassettes dry on a paper towel and place in premelted paraffin wax for 2 h at 70 °C 315 

in a hybridization oven. Ensure that the cassettes are filled with paraffin and no bubbles remain.  316 

 317 

NOTE: This step allows the wax to infiltrate the GI segment and to stabilize the tissue and 318 

contents. 319 

 320 

2.18. Remove the cassettes from wax, allow the excess wax to drain, and store at RT until they 321 

are embedded in wax blocks. Discard the wax containing trace amounts of xylenes as hazardous 322 

waste. 323 

 324 

NOTE: The Noble Lab uses a commercial histology service for embedding and sectioning of 325 

tissues. For standard visualization of C. albicans yeasts and hyphae, 4 µm sections are used. To 326 

evaluate connectivity of hyphal segments, which typically extend through multiple planes, 8 µm 327 

sections can be used. Depending on the ability of FISH probes to penetrate into the specimen, it 328 

may be possible to use even thicker sections.  329 

 330 

3. Validation of newly designed probes 331 

 332 

NOTE: The following protocol for validating C. albicans probes was adapted from Swidsinski et 333 

al.17. 334 

 335 

3.1. Streak C. albicans SC5314 and closely related comparator species (e.g., Candida dubliniensis, 336 

Candida tropicalis) to YEPD + 2% agar plates. Incubate for 1−2 days at 30 °C. 337 

 338 

3.2. Inoculate 5 mL of liquid YEPD medium with a single colony. 339 

 340 

3.3. Pipette 1 mL of the suspended cells to a microcentrifuge tube and centrifuge at 3,000 x g for 341 

5 min. Discard supernatant. 342 

 343 

3.4. Resuspend the pellet in 100 µL of phosphate-buffered saline (PBS). 344 

 345 

3.5. Pipette 5−10 µL of resuspended cells and spot onto a glass slide. Spread into a larger circle 346 

and allow to dry. 347 

 348 

NOTE: If cells are not adherent, use poly-L-lysine coated slides. 349 

 350 

3.6. Circle the cell spot with a PAP pen and cover with 50 µL of 2.5% paraformaldehyde (PFA) in 351 

PBS. Incubate at RT for 10 min. 352 



   

 353 

CAUTION: PFA is flammable and can cause health problems if inhaled or in contact with skin. 354 

Items contaminated with PFA should be discarded as hazardous waste. 355 

 356 

3.7. Wash 3x with PBS. Tap liquid off onto paper towel and cover with 100 µL of PBS. Repeat 357 

twice. Discard final wash. 358 

 359 

3.8. Prepare slides for multiday storage. If performing FISH on the same day, proceed to step 3.9 360 

without the steps in this section. 361 

 362 

NOTE: It is preferable to perform the hybridization immediately but if short on time follow step 363 

3.8 before storing. Slides can be stored for several days at 4 °C. 364 

 365 

3.8.1. Cover the spot with 60% ethanol. Incubate at RT for 3 min. Discard the solution. 366 

 367 

3.8.2. Cover the spot with 80% ethanol. Incubate at RT for 3 min. Discard the solution. 368 

 369 

3.8.3. Cover the spot with 100% ethanol. Incubate at RT for 3 min. Discard the solution. Proceed 370 

to step 3.9. 371 

 372 

3.9. Place the slides uncovered in a hybridization oven at 50 °C for 1 h. If step 3.8 was followed, 373 

store the slides at 4 °C. If not, proceed to step 4.2 to perform the hybridization protocol. 374 

 375 

4. FISH staining in GI tract tissues 376 

 377 

4.1. Dewax paraffin-embedded histological sections. 378 

 379 

4.1.1. In a hybridization oven, prewarm a Coplin jar filled with xylene to 60 °C.  380 

 381 

4.1.2. Insert the slides into the xylene-filled jar. Place at 60 °C for 10 min. Discard the xylene wash. 382 

Keep the slides in the jar and pour off the xylene into a waste container. 383 

 384 

4.1.3. Pour fresh RT xylene into the jar and incubate at 60 °C for 10 min. Discard the second xylene 385 

wash. 386 

 387 

4.1.4. Fill the jar with 100% ethanol and incubate at RT for 5 min. Remove the slides from the jar 388 

and air dry. 389 

 390 

4.1.5. Set the hybridization oven to 50 °C for steps in section 4.2. 391 

 392 

4.2. Stain C. albicans with the FISH probe. 393 

 394 

4.2.1. Prepare 1 mL of fresh hybridization solution (20 mM Tris–HCl, pH 7.4, 0.9 M NaCl, 0.1% 395 

sodium dodecyl sulfate [SDS], 1% formamide in RNase-free water). See Table 1 for sample 396 



   

calculations. 397 

  398 

4.2.2. Mix together 50 µL of hybridization solution with 1 µL of C. albicans probe (5’ Cy3- 399 

ACAGCAGAAGCCGTGCC 3’; 50 µg/mL in RNase-free water) for a final probe amount of 0.5 µg per 400 

slide. 401 

 402 

NOTE: Many laboratory-bred mice do not contain any fungi among their microbiota. In this case, 403 

it is possible to substitute a pan-fungal probe (5’ Cy3-CTCTGGCTTCACCCTATTC 3’) that recognizes 404 

23S rRNA of most fungal species, not just C. albicans. In the authors’ experience, the panfungal 405 

probe yields brighter staining than the C. albicans-specific probe. 406 

 407 

4.2.3. Protect the solution from light and prewarm to 50 °C. 408 

 409 

4.2.4. Using a PAP pen, draw a circle around tissue section from section 4.1. 410 

 411 

4.2.5. Pipette 50 L of probe-containing hybridization solution onto the fixed tissue and gently 412 

spread over the tissue section with a pipette tip. Overlay the liquid with a hybridization coverslip 413 

making sure to prevent bubbles. 414 

 415 

4.2.6. Seal slides in a watertight hybridization chamber and incubate the sections for 3 h at 50 °C 416 

in the dark in a hybridization oven. 417 

 418 

4.2.7. Meanwhile, prepare 50 mL of FISH washing solution (20 mM Tris-HCl, pH 7.4, 0.9 M NaCl 419 

in RNase-free water). See Table 1 for sample calculations. 420 

 421 

4.2.8. Move the washing solution to 50 °C to prewarm. 422 

 423 

4.2.9. After 3 h, add the washing solution to a Coplin jar. Then, carefully remove the coverslip 424 

from the slide with forceps and place the slide in the washing solution.  425 

 426 

4.2.10. Cover the jar with aluminum foil and incubate at 50 °C for 20 min. 427 

 428 

4.2.11. During this incubation, prepare mucin-nuclei staining solution (20 ng/mL 4′,6-diamidino-429 

2-phenylindole [DAPI], 1.6 µg/mL fluorescein isothiocyanate [FITC]-lectin in PBS). See Table 1 for 430 

sample calculations. For stomach and large intestines, use FITC-Ulex europaeus agglutinin 1 (UEA-431 

1). For small intestines and cecum, use a combination of FITC-UEA-1 and FITC-wheat germ 432 

agglutinin (WGA). 433 

 434 

NOTE: Lectins from different species recognize different sugar modifications of glycoproteins 435 

such as mucin. The lectin combinations recommended here were determined empirically for 436 

optimal staining of mucus in different GI compartments. 437 

 438 

4.2.12. Wash the slides by pouring off the FISH washing solution and refilling the jar with RT PBS. 439 

Pour off the PBS immediately and refill with PBS. Pour off the PBS for a total of 2 washes. 440 



   

 441 

4.2.13. Wick away the PBS with a delicate task wiper tissue and circle the intestinal tissue section 442 

with a PAP pen. Place the slides in an opaque plastic container and add 50 µL of mucin-nuclei 443 

staining solution to the tissue section. Cover the container with aluminum foil to protect from 444 

light. Incubate at 4 °C for 45 min.  445 

 446 

4.2.14. Place the slides in a Coplin jar and wash quickly twice in PBS at RT. 447 

 448 

4.2.15. Tap away the excess PBS on a paper towel, and then wick away the final drops of PBS with 449 

a tissue.  450 

 451 

4.2.16. Place one drop of mounting medium on each section and overlay with a glass coverslip, 452 

preventing bubbles. Let the mounting medium spread under the entire coverslip. For immediate 453 

imaging, anchor the coverslip in place with nail polish at the corners. For long term storage, seal 454 

around the coverslip with nail polish. 455 

 456 

4.2.17. Image the slides using a fluorescent microscope. 457 

 458 

REPRESENTATIVE RESULTS: 459 

Following the instructions provided, the outcome of this technique will be fluorescent labelling 460 

of nuclei in the host epithelium, mucus, and C. albicans in sectioned GI tissues. Wild type Candida 461 

albicans cells should appear as either round, unicellular yeast cells or highly elongated, 462 

sometimes branching, multicellular hyphae (cell-cell divisions will not be apparent in the hyphae). 463 

Mutants of C. albicans may additionally appear as smaller, slightly elongated “gray” yeasts or as 464 

larger, slightly elongated “GUT” (gastrointestinal-induced transition) or “opaque” yeasts. 465 

 466 

Figure 1 depicts the feeding needle used for oral gavage, as well as key positions of the needle 467 

during the gavage procedure. Figure 2 provides a typical setup used for organ dissection and the 468 

appearance of GI segments of the mouse.  469 

 470 

Figure 3 displays FISH staining of different C. albicans cell types following propagation in vitro 471 

and within the mouse model. Figure 3A shows fluorescence and phase images of fixed, 472 

permeabilized, in vitro-propagated hyphae. Hypha formation was induced with liquid Lee’s 473 

medium18 with 2% N-acetylglucosamine, pH 6.8 at 37 °C. Figure 3B shows fluorescence and phase 474 

images of fixed, permeabilized, in vitro-propagated yeast cells. Figure 3C,D shows fixed, 475 

permeabilized, in vitro-propagated GUT cells and opaque cells, respectively. GUT and opaque cell 476 

types are morphologically indistinguishable except when visualized by scanning electron 477 

microscopy. Please note that FISH staining of in vitro-propagated cells will be suboptimal if the 478 

cells are not well permeabilized. An example of weak and diffuse staining is shown in Figure 3C. 479 

For best results, cell fixation and permeabilization conditions should be determined empirically 480 

for each cell type and species to be investigated. Fortunately, the recommended protocol for 481 

visualizing C. albicans in sectioned tissues produces more consistent permeabilization.  482 

 483 



   

Figures 3E-G depict C. albicans in mouse large intestines, stained with the C. albicans-specific 484 

probe (Figure 3E) or the panfungal probe (Figure 3F,G). C. albicans appears red in these images, 485 

host cell nuclei are blue, and the mucus layer is green. Both round yeasts and highly elongated 486 

hyphae (white arrowheads) occur in the large intestines. Please note that staining is brighter with 487 

the panfungal probe. Figure 3G depicts a ume6 mutant in the same compartment, stained with 488 

the panfungal probe. Ume6 encodes a transcription factor that is required for hypha formation 489 

under in vitro conditions19. Interestingly, the yeast-locked phenotype displayed by this mutant 490 

under in vitro conditions is not recapitulated within the gut, suggesting that a redundant factor 491 

must be activated within the host12. Figure 4 depicts the appearance of wild type C. albicans in 492 

different segments of the murine GI tract, including the regions immediately adjacent to the host 493 

mucosa and more central regions of the gut lumen.  494 

 495 

FIGURE AND TABLE LEGENDS: 496 

 497 

Figure 1: Key feeding needle positions during gavage. (A) Feeding needle. (B) Feeding needle 498 

ball inserted to the side of the tongue. (C) Feeding needle in the upright position with insertion 499 

in the esophagus. (D) Feeding needle inserted into the stomach with a few millimeters visible 500 

above the nose. 501 

 502 

Figure 2: Example dissection layout. (A) Dissection pad and tools. (B) Excised GI tract. Proximal 503 

(esophagus) to distal (anus) sections: I. Stomach. II. Proximal small intestines. III. Medial small 504 

intestines. IV. Distal small intestines. V. Cecum. VI. Large intestine. Pink dashed border boxes 505 

indicate the tissues to be fixed. (C) Tissues positioned in cassettes. Roman numerals are the same 506 

as in panel B. 507 

 508 

Figure 3: Representative images of FISH-stained C. albicans. (A) FISH of C. albicans hyphae 509 

grown in liquid Lee’s media18 with 2% N-acetylglucosamine, pH 6.8. (B) FISH of C. albicans round 510 

yeast cells grown on YEPD + 2% agar plates. (C) FISH of C. albicans GUT cells (ySN1045) grown on 511 

YEPD + 2% agar plates. (D) FISH of C. albicans opaque cells grown on YEPD + 2% agar plates. (E) 512 

Wild type C. albicans (ySN250) in large intestines, stained with the C. albicans-specific probe. (F) 513 

Wild type C. albicans in large intestines, stained with the panfungal probe. (G) Ume6 mutant 514 

(ySN1479) in large intestines, stained with the panfungal probe: red is C. albicans, blue is host 515 

epithelial nuclei, and green is mucin. Arrowheads indicate hyphae. Arrows indicate yeast. Scale 516 

bars are 20 µm. Images F and G are adapted from Witchley et al.12.  517 

 518 

Figure 4: Appearance of FISH-stained C. albicans in different gut compartments. Wild type C. 519 

albicans is shown in the indicated segments of the mouse GI tract. Within each compartment, 520 

images depict the area adjacent to the host mucosa and the central region of the gut lumen. 521 

Staining was performed with the panfungal probe, and the scale bar corresponds to 20 µm. 522 

Images are adapted from Witchley et al.12.  523 

 524 

Table 1: Typical volumes and concentrations of solutions used in this protocol. 525 

 526 

DISCUSSION: 527 



   

The method described here allows for visualization of C. albicans yeasts and hyphae in the GI 528 

tracts of commensally colonized mice of any sex or strain. The FISH probe hybridizes to 23S rRNA, 529 

which is distributed throughout the fungal cytoplasm. Our method was adapted from a previously 530 

reported protocol for visualizing gut bacteria20. Because C. albicans changes its morphology 531 

within the host, the method is useful to monitor fungal cell shape as well as localization. For 532 

example, we have used this method to disprove the hypothesis that yeasts predominate 533 

throughout the digestive tract, and to expose discrepancies between the in vivo and in vitro 534 

phenotypes of certain “filamentation-defective” mutants12.  535 

 536 

Several mouse models exist for C. albicans commensal colonization. The microbiota of laboratory 537 

mice and humans are distinct and, in mice, the use of antibiotics or a specialized diet is required 538 

to establish stable colonization. Treatment with antibiotics also enhances C. albicans colonization 539 

of humans and is a major risk factor for disseminated disease10. The antibiotics used in this study 540 

are relatively inexpensive and yield reliable decreases in the bacterial microbiota. Note that 541 

antibiotics are used to decrease the burden of antagonistic bacterial species, not to eliminate all 542 

bacteria from the animals. If researchers wish to study C. albicans-host interactions in the 543 

absence of bacteria or to avoid the use of antibiotics or a special diet, germ-free animals can be 544 

substituted for conventionally reared animals; however, gnotobiotic mice exhibit certain immune 545 

and anatomic abnormalities and therefore may not be suitable for all purposes.  546 

 547 

Several steps are important for successful FISH staining: The recommended fixation method is 548 

critical to preserve the structural integrity of GI tissues, particularly the fragile contents of the 549 

gut lumen, such as the mucus layer and the three-dimensional organization of fungi and 550 

bacteria16. Please note that many commonly used fixation solutions that contain water are highly 551 

damaging to the luminal architecture. The fixatives and solutions for post-fixation washes 552 

recommended in this protocol do not contain water, and it is important to avoid contamination 553 

with water. Another critical step is the hybridization step, where it is important to avoid 554 

evaporation of the hybridization solution during incubation of slides in the hybridization oven. 555 

We suggest placing the slides in a watertight container to avoid this problem. Alternatively, one 556 

can use watertight hybridization chambers such as those originally used for hybridization of 557 

microarrays. 558 

 559 

A C. albicans-specific FISH probe is described in this protocol. However, because many 560 

laboratory-reared mice do not contain C. albicans or other fungi as part of their natural gut 561 

microbiota, a panfungal probe may specifically stain C. albicans in experimentally colonized 562 

animals. Substitution of a panfungal probe may be desirable because of its superior hybridization 563 

characteristics and higher signal-to-noise ratio. If the panfungal probe is used as a pseudospecific 564 

probe for C. albicans, it is important to document a lack of staining in uninfected animals (i.e., 565 

treated with antibiotics but not C. albicans). Staining of a noncolonized control animal is also 566 

useful to assess background staining that may result from adherence of FISH probes to food 567 

particulates. Overall, the use of FISH probes offers enhanced specificity over most other methods 568 

of staining fungi, such as Calcofluor white (which stains chitin, a cell wall component that may 569 

vary between cell types), GMS, or commercially available antifungal antibodies. Moreover, FISH 570 



   

staining allows for costaining of multiple organisms using differentially labeled FISH probes to 571 

species-specific rRNAs.  572 

 573 

One caveat of this technique is that certain C. albicans yeast cell types appear very similar by FISH 574 

(for example, the opaque and GUT cell types). To distinguish among these cell types, it would be 575 

useful to develop hybridization probes to cell type-specific fungal mRNAs. Nevertheless, in its 576 

current form, the FISH technique has already revealed surprising discrepancies between the in 577 

vivo and in vitro behaviors of C. albicans mutants evaluated under both conditions12, indicating 578 

complex interactions in the natural commensal environment that are not adequately mimicked 579 

by existing in vitro assays. Further studies of different C. albicans stains in additional wild type 580 

and mutant hosts are likely to yield additional insights into fungal-host interactions. In particular, 581 

it will be instructive to profile C. albicans in models of inflammatory bowel disease, which is 582 

associated with high titers of C. albicans in humans21, and other models of C. albicans overgrowth 583 

and disease. The FISH technique may also be combined with immunohistochemistry to stain 584 

specific host cells. Overall, the method presented here provides a reasonably quick and reliable 585 

means to determine C. albicans localization and morphology within the mammalian GI tract.  586 

 587 
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Antibiotic stocks (200x)

Penicillin G 181 mg/mL

Streptomycin 400 mg/µL

Stock Final concentration Volume Units

Methanol 60% 300 mL

Chloroform 30% 150 mL

Glacial acetic acid 10% 50 mL

Stock Final concentration Volume Units

1 M Tris-HCl, pH 7.4 20 mM 20 µL 

5 M NaCl 0.9 M 180 µL 

10% SDS 0.10% 10 µL 

100% formamide 1.00% 10
µL (kept in small aliquots at -

20 °C between uses)

RNase-free water 780 µL 

1 M Tris-HCl, pH 7.4 20 mM 1 mL 

5 M NaCl 0.9 M 9 mL

RNase-free water 40 mL

DAPI, 10 µg/mL 20 ng/mL 2 µL 

lectin, 40 µg/mL 1.6 µg/mL 40 µL 

PBS, pH 7.4 958 µL 

Hybridization solution

FISH washing solution

Mucin-nuclei staining solution

Methacarn
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Name of Material/ Equipment Company Catalog Number Comments/Description

1 mL syringe BD 309659 can be substituted from any vendor

BHI blood agar can be substituted from any vendor

C. albicans  FISH probe IDT DNA Technologies custom order
chamber for hybridization 

incubation watertight chamber meant to reduce evaporation

chloroform Sigma C2432 >=99.5%

DAPI Roche 10236276001 can be substituted from any vendor

delicate task wiper tissues Kimberley-Clark 34256CT Kimwipes

D-glucose Sigma G7021-5KG can be substituted from any vendor

ethanol Sigma E7023 molecular biology grade

feeding needles Cadence, Inc. 7910 metal; 20 X1-1/2" W/2-1/4; can be autoclaved to sterilize

FITC-UEA-1 Sigma L9006-1MG other fluorophores available

FITC-WGA Sigma L4895-2MG other fluorophores available

Foam pads Fisher 22038221 Order foam pads that will fit within cassettes

formamide Sigma 47671 molecular biology grade

glacial acetic acid Macron Fine Chemicals MK881746 ACS reagent, >=99.5%

glass Coplin jar Fisher 08-815 hold up to 10 slides back to back

Histology cassettes Simport M512 Deep cassettes so cecum is not squished

hybridization coverslips Sigma GBL712222 RNase-free

hybridization oven can be substituted from any vendor

LB can be substituted from any vendor

Lee's media prepared as described in Lee et al.  1975

methanol Sigma 179337 ACS reagent, >=99.8%

mice

Charles River 

Laboratories 028 adult BALB/c; 18-21 grams (8-10 weeks)

paraformaldehyde Fisher 50-980-487 16% solution

parrafin wax Sigma P3558-1KG Paraplast for tissue embedding
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PBS, pH 7.4 

UCSF Cell Culture 

Facility Media 

Production Unit CCFAL003 calcium, magnesium-free; can be substituted from any vendor

penicillin G Sigma PENNA-100MU

Sabouraud dextrose agar can be substituted from any vendor

saline Baxter 2F7123 sterile, can be substituted from any vendor

sodium chloride (NaCl) Sigma S3014 can be substituted from any vendor; maintain RNase-free

sodium dodecyl sulfate (SDS) Sigma L3771 can be substituted from any vendor; maintain RNase-free

streptomycin Sigma S9137-100G

super PAP pen Life Technologies 8899 can be substituted from any vendor

Tris-HCl Sigma T3253 can be substituted from any vendor; maintain RNase-free

Vectashield Vector Laboratories H-1000 does not contain DAPI

xylenes Sigma 214736 reagent grade

YEPD can be substituted from any vendor



metal; 20 X1-1/2" W/2-1/4; can be autoclaved to sterilize



calcium, magnesium-free; can be substituted from any vendor

can be substituted from any vendor; maintain RNase-free

can be substituted from any vendor; maintain RNase-free

can be substituted from any vendor; maintain RNase-free
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whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
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 of 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.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 
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Responses to Editorial Comments 
 
Changes to be made by the Author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to 
ensure that there are no spelling or grammar issues. The JoVE editor will not 
copy-edit your manuscript and any errors in the submitted revision may be 
present in the published version. 
The manuscript has been proofread. 
 
2. Please define all abbreviations during the first-time use. 
All abbreviations have been defined. 
 
3. Please ensure that the Abstract is between 150-300 words. 
Abstract is now at the recommended length. 
 
4. Please remove all commercial language from your manuscript and use 
generic terms instead. All commercial products should be sufficiently 
referenced in the Table of Materials and Reagents. 
For example: Kimwipe (Kimberly-Clark 34256CT) , Vectashield, etc 
Generic terms have been substituted. 
 
5. Please include an ethics statement before your numbered protocol steps, 
indicating that the protocol follows the animal care guidelines of your 
institution. 
An ethics statement has been introduced. 
 
6. Please ensure that all text in the protocol section is written in the 
imperative tense as if telling someone how to do the technique (e.g., “Do 
this,” “Ensure that,” etc.). The actions should be described in the imperative 
tense in complete sentences wherever possible. Avoid usage of phrases such 
as “could be,” “should be,” and “would be” throughout the Protocol. Any text 
that cannot be written in the imperative tense may be added as a “Note.” 
However, notes should be concise and used sparingly. 
The imperative tense is now used throughout. 
 
7. The Protocol should contain only action items that direct the reader to do 
something. Please move the discussion about the protocol to the Discussion. 
All discussion has been moved to the Discussion. 

Point-by-point responses Click here to access/download;Rebuttal Letter;Point by Point
Response to Editorial and Reviewer Comments.docx
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8. In the JoVE Protocol format, “Notes” should be concise and used sparingly. 
They should only be used to provide extraneous details, optional steps, or 
recommendations that are not critical to a step. Any text that provides details 
about how to perform a particular step should either be included in the step 
itself or added as a sub-step. Please consider moving some of the notes about 
the protocol to the discussion section. 
Notes are now more sparing. 
 
9. The Protocol should be made up almost entirely of discrete steps without 
large paragraphs of text between sections. Please simplify the Protocol so that 
individual steps contain only 2-3 actions per step. 
The protocol has been simplified. 
 
10. For all the protocol steps, please ensure you answer the “how” question, 
i.e., how is the step performed? 
Steps now answer the “how” question. 
 
11. 1.1. Any age, sex, strain specific bias with respect to the mouse? 
Bias has been addressed in the discussion. 
 
12. 1.2: Two notes cannot follow each other. Please consider making 
substeps. 
Serial notes have been eliminated. 
 
13. 4.2.1, 4.2.6, 4.2.10: For the volume and concentration, of the reagents 
use please make a .xlsx table and upload it separately to your editorial 
manager account. This can be referred wherever applicable. 
An Excel table has been generated (Table 1) 
 
14. Please expand the result with respect to your experiment, you performed 
an experiment, how did it help you to conclude what you wanted to and how 
is it in line with the title. e.g., how do these results show the technique, 
suggestions about how to analyze the outcome, etc. Data from both 
successful and sub-optimal experiments can be included. 
The discussion has been expanded per these instructions. 
 
15. Figure 3 legend is mislabeled. 
The legend has been relabeled. 



 
16. Please obtain explicit copyright permission to reuse any figures from a 
previous publication. Explicit permission can be expressed in the form of a 
letter from the editor or a link to the editorial policy that allows re-prints. 
Please upload this information as a .doc or .docx file to your Editorial Manager 
account. The Figure must be cited appropriately in the Figure Legend, i.e. 
“This figure has been modified from [citation].” 
Editorial policy is now attached. 
 
17. As we are a methods journal, please ensure that the Discussion explicitly 
cover the following in detail in 3-6 paragraphs with citations: 
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 
Discussion has been revised to include these points 
 
18. Please expand the journal title in the reference section. 
Journal titles have been expanded. 
 
Responses to Reviewer comments 
 
Reviewer #1:  
Manuscript Summary: 
This article describes a detailed protocol for visualizing C. albicans, a major 
human fungal pathogen, during colonization in the mouse GI tract. Protocols 
are presented for C. albicans gut colonization, preparation of GI tissues for 
histology, validation of probes for fluorescent in situ hybridization (FISH) as 
well as FISH staining of GI tissues. 
The article is well-written and the protocols are clearly described and 
supported by figures that demonstrate the efficacy of the procedures. A major 
advantage of this protocol is that it allows for direct visualization of C. 
albicans morphologies in the context of the natural architecture of the gut 
environment. Given that the GI tract is a predominant portal for the 
establishment of systemic C. albicans infections, the applications of this 
protocol are far-reaching. 
 
Major Concerns: 



There are no major concerns with the manuscript. 
 
Minor Concerns: 
1. As discussed in the Introduction, laboratory mice are not typically colonized 
in the mouse GI tract and treatment with antibiotics is thus required. Some 
additional discussion on how accurately this model may reflect C. albicans 
colonization in the human GI tract is warranted. 
This point is now discussed in the text. 
 
2. One concern is that the pan-fungal FISH probe for 23S RNA would detect a 
background level of commensal fungal species in the GI tract. Although this is 
an unlikely possibility for the murine model, given that fungal species do not 
typically colonize the mouse gut, it could be a concern for other hosts. In 
either case, it would be useful to show representative images using the 23S 
FISH probe in Figure 3. 
A comparison of staining with the two probes in now included in the 
Figures. 
 
3. From the protocol, it was not clear whether the entire contents of the GI 
tract are washed out in step 2.12 since complete segments of the gut, 
including digestive material, are excised in step 2.9. Would the presence of 
residual GI tract contents interfere with subsequent microscopy? 
As described as a “critical step” in the revised discussion, the 
fixation method was developed specifically to avoid disturbing the 
contents of the GI lumen. 
 
4. The manuscript could be strengthened by an expanded discussion of the 
potential future applications for this protocol. In the current manuscript, this 
discussion is limited to only two sentences (lines 517-519). 
Future applications are now expanded in the discussion. 
 
5. Line 484: Figure 3 is labeled as Figure 2. 
The figure has been relabeled. 
 
Reviewer #2: 
Manuscript Summary: 
a method to visualize C. albicans cell morphology and localization in a mouse 
model of gastrointestinal colonization 
 



Major Concerns: 
none 
 
Minor Concerns: 
Line 437: Please explain why a two lectin combination is needed in these 
sites: For example in saliva UEA binds to low molecular weight and WGA binds 
to high MW mucins (Zhang XS, J Histochemisrty and Cytochemistry, 1994), is 
this the same reason? what is the mucin composition in the gut? 
We now describe that lectin combinations were tested empirically to 
identify those that yielded the brightest staining in each 
compartment.  
 
Figure 2 letter labels are wrong and also the wrong figure numbers are given 
in several places in the text. 
Figure 2 has been relabeled, and figure numbers have been checked 
 
 
Reviewer #3: 
Manuscript Summary: 
In this text portion of the JoVE manuscript, Noble and co-workers describe 
methodology for visualization of Candida albicans in murine GI tract tissue 
using FISH. Overall the methodology is nicely described and is suitable as a 
visualization manuscript. The methodology, while not novel, is new for C. 
albicans and will enable excellent ex vivo visualization of various 
morphological forms of C. albicans with distinct localization within the GI 
tract. While nicely done, I have several suggestions to strengthen this portion 
of the JoVE manuscript. 
 
Major Concerns: 
Representative Results: Suggestion to focus this section on the FISH staining 
for a more descriptive narrative. Fig. 3 is not really described other than the 
figure legend. Eliminate the references to Fig. 1 and 2. Show a few more 
representative images of C. albicans in other GI sections for comparison. This 
piece is the sole purpose of the method and it does not get adequate 
attention in the manuscript narrative to fully appreciate the applications of the 
methodology. The resolution of the images could be better as well. 
The narrative has been expanded, and additional images have been 
included in the revised Figure 3 and new Figure 4. 



 
Minor Concerns: 
1. 1.3: Some parts of the GI tract are anaerobic, but only aerobic clearance is 
monitored in antibiotic-treated animals. It may be necessary to monitor the 
presence/clearance of anaerobes. Some discussion of this would be 
appropriate. 
In the discussion, we now clarify that antibiotic treatment is 
required to lower the burden of antagonistic (to C. albicans) 
bacteria, not to eliminate all bacteria.  
 
2. 1.6: the term 'inoculation' is more appropriate than 'infection'. 
Infection has been replaced with inoculation or gavage. 
 
3. 1.12.3 reference to Fig. 1: Suggestion to show an image of the entire 
gavage needle for reference of length and size of the gavage ball 
Whole needle is now depicted. 
 
4. 2.2: Can the authors provide a general range of fecal titers and fungal 
burden at select time points associated with the gut as CFU/g from their 
experience. This would enable some indication of how extensive/formidable 
the colonization is. 
The range has been added. 
 
5. 2.5 reference to Fig. 2: Suggestion to also show an image of the intestinal 
contents initially removed from the peritoneal cavity (still attached) as an 
orientation for eventual dissection. 
We do not have such an image (but images from mouse dissection 
atlases are readily available on the internet). 
 
6. 2.7 reference to Fig. 2C: Suggestion to label the actual GI sections 
referenced by the roman numerals. 
Sections are now labeled. 
 
7. 3.1: dubliniensis and tropicalis are misspelled 
Spelling has been corrected. 
 
8. 4.2.10: Suggestion to provide the reasons/advantages of using two lectins 
for mucin staining in different GI sections? Is there a difference in specificity? 
Note has been added. 



 
9. Figure 2 legend: Fig. 2A alone shows both dissection pad and instruments 
(not 2B). In Fig. 2B the term 'excised GI tract' instead of 'peritoneal cavity' is 
more appropriate. 
These problems have been remedied. 
 
10. Figure 3 legend: The legend is mislabeled as Fig. 2. The frames in the 
figure (the two bottom panels) are mislabeled. In Fig. 3A, the culture medium 
is not mentioned in the protocol and not listed in the table. In Fig. 3B, GUT 
cells should be spelled out and defined. In Fig. 3E-F, C. albicans mutants used 
in the image should be described in the legend. Line 489….eliminate 'Red is C. 
albicans' since the white arrows have already defined C. albicans. Consider 
adding arrows for the mucin and epithelial nuclei 
These problems have been remedied. 
 
11. Discussion: Line 509-515, suggestion to address the Pros/Cons of using 
the FISH technique for C. albicans visualization over other methods. If 
staining with the pan-fungal probe is sufficient in this model (or superior in 
terms of signal intensity), how is it comparable to other conventional fungal 
staining methods (e.g. immunohistochemistry, Calcofluor white)? Is it simply 
the ability to visually localize the organisms within the tissue? 
The discussion of pros and cons has been expanded as suggested. 
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