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When | defended my thesis at 12 pm local (Los Angeles) time, at home in Lathsame

6,000 miles and 10 tinmwones away, it was 10 pm. The journey to and through Caltech has

been more complicated thgnst hopping on a plané many milestones had to be
accomplished and opportunities sequestered. In retrospect, although in part | can attribute the
successes to mgherent talents and character traits and hard work, 1 am largely in debt to

|l i feds generous circumstances and the envir

| have been lucky to have a colorful childhood and grow up surrounded by a loving and
dewted family. My mother has always given the bigger, better piece to others, and to me in
particular. She is a nurse, and as a child | would eagerly join her on her overnight shifts at
the childrenés hospital, whi cetbynsysemweudd a | ot
play a double game of being both a patient and a nurse. | would pick out a free bed in one of
the rooms with the kids of my age, make friends and, of course, enjoy the best part of being
sicki the treats brought by their parents. Wiitewas time for the nurses to distribute the
medications, | would sneak into the rooms and watch how they dispensed the medications
for each patient. | would join my mother as she visited each child, and | would be responsible
for handing the tiny cups th colorful tablets to them. My dad was more of a trouble maker;

he owned a motorcycle and would take me on @pendes, memories that | remember only
vaguely, but with a thrill. My grandparents and extended family were also a big part of my
childhood.My grandmother has been an incredibly active woman, with enough energy to
both work as an accountant and manage the f
devoted to our extended family and the local community, attending all the birthday parties
and weddings, and lending a helping hand to people in need. A passionate traveler with trips
all the way to India and Cuba, my grandmother was tasked to take me to the sea every
summer to help my lungs recover from chronic bronchitis. We would nevanrelyiormal

mode of transportation like a bus or a car. No, my grandma and | would hop on her
companyd6s tr uehkurtoprto thepat. My grandfatiferomasrless active, and

he loved baking pancakes whenever | visited. With excitement, he tarindckhe first stilt

hot pancake and throw it into my bed as an alarm clock. Keen on cars, améduble,

my three uncles were a great source of excitement and adventure to me. | remember with
nostalgia the hot summer days when we would drive tabtie lakes in the area, with the

breeze coming in through the open windows and loud summer tunes blasting through the
speakers. Nowadays, | see my family only rarely, but my childhood memories fill me with
warmth and keep me feeling close during therydmtween my visits. And my family
remains my most passionate cheer leaders, supporting me through the ups and downs despite
the many miles that separate us.

Besides being obligated to help my grandparents on the farm, | grew up with few restrictions.

| could spend time with friends past midnight on the weekends; in the summertime | was free

to choose my hobbieand| was not constrained to any cargath. Although my grades

were good, | too watched the clock anxiously until it clicked the-tovgo-home o0 6 c |l oc k.
Then, with relief, | would swap my backpack with books for my second backpack with art
supplies and head to the local Alytus art school where | could finally lose track of time. The
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art school was different than the regular school: the teaaleeespresent in the classroom
only sporadically, they did not command us to be quiet, and, as | later learned, they regarded
clean easels and clean walls as a sign of suppressed creativity and freedom. Art teachers left
an indelible impression on me. Viddanypnis, a pensive drawing teacher, would make his
rounds through the classroom, stopping by each student to examine our progress in ominous
silence. Then, with much deliberation, he would address the flaws with a calm, deep voice;
what struck me was $ifocus on our drawings rather than general textbook teachings. Redas
Dirgys, the principal of the art school , w
the theory of modern art, depicting the inexplicable life and work of the modernists with
humor and fresh criticism and shattering our preconceived notions of beauty and importance;
in retrospect, the latter was perhaps the sole purpose of the class. Every time | went home
during my undergraduate and graduate studies, | paid a visit to the@ot &rheceive a
booster against stagnation in my thinking.

To add thrill to school routine, | developed an obsession for science competitions. In the
ninth grade, | qualified for the national chemistry cetitfpn, which | took very seriously,

and studiecny textbook and solved any problem that | could find. The national competition
was intimidating at first, with students from big cities and sophisticated backgrounds talking
loudly and with confidence. The last night was most petrifying: the solutiomspasted on

the walls, and we could study them until we were called in for a brief opportunity to look at
our graded exams and appeal the score in person. Agitation was in the air as the students
discussed their mistakes and schemed plans to gain mats. i@arely noticed, | stood to

the side and listened to their conversation, relieved and excited that my score was nearly
perfect and | had nothing to appeal. The next day, to the surprise of my teachers and family,
| picked up my first place diploma, wihi was like a master key that opened so many doors.

| was immediately invited to participate in the chemistry boot camps at Vilnius University,
where | studied alongside the upperclassmen who were preparing for international
competitions. The boot camps meded and organized by Professor Rimantas Raudonis,
whose patience and clarity of thought was fundamental to many young chemists, including
me. Many other professors and university students were involved as well, including his wife,
Jol ant a R aowdsinrchamgeofmost kdoratory sessions. Although she welcomed
us with a big smile and laughter, she was a tough mentor who never let us get away with
clumsiness or laziness, and | can attribute many of my good laboratory practices to her. The
days wee long, starting at 9 am and ending as late as 9 pm, composed of lectures, problem
solving and experiments. As a result of this waijanized training and our friendly
competitiveness, we all progressed rapidly. Looking back, | view my gold medal at the
International Chemistry Olympiad as a predictable consequence rather than the product of
chance or talent alone. This accomplishment and all the training that led to it had undeniably
opened the door to MIT for me.

In addition, | was invited to participaia a fewweekslong National Student Academy
sessios for recognized students during the summer and winter break, which | remember as
the time of shared curiosity, opennessd friendship. Here we would spend part of the day
focusing on one of our cken subjects ranging from math to music, and part of the day
learning about culture, socioeconomiasd politics, with amplgme to socialize and enjoy
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the seaside where the sessions took place.
instrumentato the success of these sessions owing to her undeniable (but warm and caring)
authority, which instilled a sense of responsibility in us and permitted the good time to
continue with minimal restrictions. The participation of her husband, Leonidas Dava&is,
also essential to the nourishing atmosphere; a professor of philosophy and politics, a talk
show host, a representative to European Parliament, a writer, and an art connoisseur, he had
much to share with us. However, | best remember him for his passionpromptu guitar
concerts and the soulful atmosphere that they created with every note so deep that it felt
infinite. Many other prominent figures of Lithuanian life also stopped by the sessions,
including but not limited to the prime minister, the @Bf the major bank, and Mirga
GragiTyytaa now a renowned classical music ¢«
Disney Concert Hall (I tried to never miss her concerts during my time at Caltech). Twice at
these sessions | was honored to receivéMiiiestro Mstislav Rostropovich stipend, a much
appreciated gift that allowed me to pay for a laptop, foreign univdesiey chemistry
textbooks, as well as applications to US universities. | still cannot fully grasp the impact that
these sessions had ome, especially the less tangible aspects, such as aowstied
education, diverse netwqrénd lasting friendships.

It was also at one of these sessions that | learned of Kaunas Technology University High
School and their mission to provide the highastligy education to high school students

from aroundhecountry. Professor Bronislavas Burgis had a vision to have the high school
right across the street from Kaunas Technology University with professors teaching some of
the classes and students fromusiw the country living for free in university dormitories.
Although I missedhe entrance exams by a yeRrofessoBurgis welcomed me with great
enthusiasm and generous accommodations. Recognizing that the students may underestimate
their potential becae they grav up in a small country, Burgis showed great confidence that

we were among the top students in the world and was committed to helping us realize our
goals. Burgis was also a bold and eccentric character, and his unconventional thoughts and
ideaswere of great amusement to me and perhaps were instrumental to founding this
unconventional school. At Kaunas Technology University High School, | met chemistry
teacher Biruta Maciuleviliena, who quickly
too easy for me and that | was better off mentoring junior chemistry enthusiasts towards
chemistry competitions. Opportunity to teach was not only a great way to solidify my
knowledge but alsoto familiarize myself with teaching early on. However, | was pesha

most grateful for her unconditional support, which was much needed to pea®aoagthe
mounting pressures and expectations.

After | learned that | was accepted to MIT, | was tormented by feelings of excitement and
terror until 1 arrived tdhe MIT campus. | applied to MIT because it ranked among the top
schools in the world, however, | did not bother asking what that meant in practice until | was
accepted (perhaps for the better because | may not have applied if | questioned it any earlier).
| packedmy suitcases very carefully, including what | thought was essential to my survival

at MIT: the most powerful laptop that my mom and | could find in our town, all of the
chemistry books that | had accumulated, a pillanmd a blanket. Upon the start of the
freshman year, | quickly realized that | had a leg up in chemistry; therefore, in fear of an easy
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ride if | majored in chemistry, | decided to major in chemical and biological engineering
instead. While at MIT, | explored various career paths, includinguigertaking an
internship in a large biotech company, another internship in a small startup, antwork
an academic research lab. Without a doubt, the lattetheasost fulfilling to me, which
ultimately determined my decision to pursue a PhD. [oge degree, | attribute my positive
experience to my mentor Armon Sharei, a graduate student in chemical engineering co
advised by Klaus Jensen and Bob Langer. A risk taker, a scientist with great foresight and
insight, and an exceptionally talented ntenArmon created a nourishing environment for
me and other fellow undergraduates to grow as young scientists and discover a passion for
research. His success as a mentor was due in part to his moderation in mentorship, with
enough space for us to expederand exercise independence. For instance, although Armon
had always been a few steps ahead of me, he was courteous and let me arrive at the
conclusions myselind was not irritated when | made a mistake. Armon also added a sense
of pride and thrill to g experience, for example, by entrusting me to use the core facility
that undergraduate students were prohibited from, a secret that the facility manager never
noticed. Finally, working with Armon was utterly fun both inside and outside the laboratory,
with unrestrained laughter, group luncheasd birthday celebrations into the night (which
generally resumed the next day with all of us now wearing lab coats). The memory of this
fulfilling and exhilarating experience not only influenced my decision to puaisehD but
also guided me through research and mentorship opportunities that | had at Caltech.

My decision to come to Caltech was influenced by my encounter with Professor Rustem
Ismagilov, who later became my graduate research advisor, during a gsdheatkvisit.

Back then, when | was contemplating on potential future directions, | was most captivated

by the research into the brain. However, Rustem brought up an even more intriguing concept

to me: the gubrain axis. Never having heard of it beforeeturned to MIT perplexed by

the mysterious connection. This newly discovered fascination later served as a much needed

fuel to power me through the long years of graduate school, even though my thesis ultimately

only focused on the gut because it alaas an inexhaustible source of unanswered research
guestions. Rustemb6s dedication to building
graduate research possible. Furthermore, because Rustem involved the entire group in grant
writing, equipment purchasingiring, and managing collaborations, | had an opportunity to
experience firshand the hard and strategic work that goes into securing resources and
gathering a diverse group of scientists and engineers to tackle multidisciplinary research
guestions. Mym 1|l t i faceted graduate school experier
advice and the space that | was given to reflect on those challenges, largely contributed to

my growth as an independent scientist. Finally, although | already liked and was tivained

work fast, Rustem further challenged my productivity by being an epitome of efficiency,

with prompt email responses and frequentom®ne meetings despite being in charge of a

large and diverse group. If fact, if there was ever a competition for tisé nesponsive

advisor, | predict that Rustem would certainly be in the race for the first place.

My resourceful and utterly entertaining thesis commiite&arkis Mazmanian, Jared
Leadbetterand John Brady were a much appreciated source of new idedsaliarnative
approaches to doing science. | first encountered Jared in a migraaolism course,
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where 1, relying on his guidance, was thrilled to isolate environmental microbes capable
of utilizing melatonin, a hormone produced in the brain to naidwleep cycle, as a sole
source of carbon and nitrogen. Jared agredoetpart of my thesis committee, and we
continued totalk microbesthroughout my PhD. | remember our conversations being
particularly fun, taking unexpected turns and reaching unexplored depths because, as |
quickly learned, Jared was an exceptionally curious, knowledgeabléalkative character.
In fact, our convergmns were so much fun that they always ran overtime into our other
commitments. Sarkis, a strikingly different character, was a source of succinct and grounding
advice, some of which | remember word by word and ponder to this day. Although his
schedule wa packed, he always found time for me, and | honored every opportunity | had
(including his lectures on mucosal immunology) to learn from this leading expert of host
microbe interactiong the gut. John Brady taugtite graduate course in transport, which
was by far the toughest subject | had encountered at Caltech. However, due to his
mischievous, challenggeekingand boredorevading demeanor, John managed to turn this
challenging class into a uniquely fun experience, so fun that | approacHetbrf
homework assignments and overwhelming exams with a smile. From John | learned how to
have fun while solving challenging problems, and how to utilize chemical engineering
principles to approach multidisciplinary problems. Trying to predict the course of my
committee meetings was pointless: something unexpected was bound to happen whenever
these different personalities with expertise in diverse fields gathered together in a single
room.

Perhaps, as Rustem had i ntendewascotnerstorer a gi n (
to my graduate work. | collaborated most closely with Octavio Mondr&gdomino, a
postdoctoral scholar who joined the group to pursue 3D imaging of mouse intestinal mucosa.
When | was looking for a new project in my third year of graglsahool, Rustem suggested

that | collaborate with Octaw , who had recently joined the
a fruitful learning and collaborative experience that eventually led to a fulfilling independent
project for me. At the beginning, Ogta served as my mentor, collaboratamd companion

whose patience and perseverance enabled progress through the toughest stages of the project,
and up to this day Octavio remains a good friend and ally. | was also fortunate to be coached

by and work withSaid Bogatyrev, a senior member of the group, who generously shared his
inexhaustible knowledge of the literature and his careful evaluation of various technigues,
especially those pertaining to animal experiments. Even more impressively, Said was
generos with his time, helping me hands at various stages of my project to both get the
projects started and close them up. -Final/l
ingestion in shaping the smdalitestine microbiota has helped me teex@luaé my own

findings. In collaboration with Said, Jacob Barlow, a junior graduate student in the group,
provided robust, eagp-follow, and readyto-use protocols for absolute quantification of
bacteria, which saved me a lot of time and accelerated my pregre Fur t her mor e,
curiosity of the many projects in the group and his insightful questions and comments during

the group meetings helped me refine the framing of my projects. | was also honored to receive
help from Anna Romano, an impressively cakreind detaHoriented research scientist, on
optimization, validationand measurement of host gene expression, and later profiling of gut
microbiota composition.
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Mentoring the two cheerful and talented undergraduate students, Hazel Dilmore and Heli
Takko, was one of the most fulfilling experiences of my graduate school. Even before they
joined the group, | enjoyed planning their research projects, taking into consideration their
time constraints, prior experiencesd future interests; after they joindchad even more
fun guiding them through their projects and, to the best of my ability, creating a positive
experience for them. Heli contributed to tinevitro optimization of hybridization chain
reaction (HCR) tagging of bacteria and image analysedan machine learning (in fact,
our collaborator in Finland, Antti Lignell, suggested that Heli should come for a summer and
transfer their expertise in machine learning to us), whereas Hazel was responsible for the
profiling of gut microbiota compositioas well as optimization, validaticemd measurement
of secreted inflammatory markers in the intestinal contents. They both progressed rapidly
and made tangible contributions to my projects. However, | was perhaps most appreciative
of their company andheerfulness, which | heavily relied on as an antidote to the pressures
of leading research projects.

Although I did not work as closely with other members of the group, | can attest that everyone
made crucial contributions to my work regardless of theesclpfact, | had a lot of fun
matching a problem to the right expertise in the griomormally, chatting with the right
person quickly provided a solution to a problem. Over time, | gathered that chemistry and
chemical engineering related issues couldd@ressed by simply announcing them to Erik
Jue, Justin Rolando, Dmitriy Zhukoand later also Si Hyung Jin (who all sat in the same
aisle of the office, which we referred to as teener). For instance, | am indebted to Erik

for suggesting how to preneair bubble formation during imaging, a seemingly simple but

in practice very frustrating problem. Erik also pointed me and Octavio to a stock of plastic
in the lab that he rescued from disposal, and this plastic turned out to be a perfect solid support
to our hydrogelissue hybrids. Justin was go-to person whenever surfactants were
involved, let it be synthesis of specialty surfactants for microfluidic devices, selection of
optimal surfactants for the wash of hydregssue hybrids, or measuremenbdé acids in
intestinal contents. Justin, with contributions from rotation student James Park, was also
instrumental to deciphering reaction mechanisms and understanding at a molecular level the
macroscopic characteristics of hydrogissue hybrids. Fally, | could rely on Dmitriy and

Si Hyung whenever | needed help with microfluidic devices and silanization. Joanne Lau,
together with Said Bogatyrev, invedta lot of time and effort imaintaining anaerobic
chambers and assisting with the anaerobiturilof bacteria; furthermore, because Joanne
was my closest office neighbor, she was the first person | turned to when | needed to talk

through my experiment al d e s i- gnd chemicakafetys ul t s .
coordinators, Mary Arrastia, Eip Savela, Jenia Khorosheva, Justin Rolgraled Matt
Cooper, as well as Caltechdéds Lauriane Quen

our safety and mitigate the effect of our experiments on the environment. In addition to the
current and most renegroup members, lorgone former group membeirsSongzi Kou,

Liang Ma and Mikhail Karymov were also an important part of my journey by mentoring
me through my initial projects in microfluidics and teaching me the fundamentals in
microscopy.
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Some groupmembers enriched my understanding of micxotierobe and hoshicrobe
interactions not through direct collaboratiprmut through sharing their findings and
providing feedback to my work. Tahmineh Khazaei, for instance, used computatiomal and
vitro tools to study metabolic coupling betweHtebsiella pneumoniand Bacteroides
thetaiotaomicron close relatives of bacterial isolates used in my project; in so doing, she
further motivated my work and provided additional hypotheses to explain my observations.
Sujit Datta, Asher Preska Steinbemgd Michael Porter studied the physical mechanisms of
mucus compression and bacterial aggregation, and learning about their work deepened my
appreciation of the complexity of hasticrobe and microbenicrobe interactios in the gut
and the various factors that govern them. Due to their inexhaustible knowledge of physiology
and medicine, our two MIPhD students, Eric Liaw and Alex Winnett, also provided
valuable feedback and context for my work. Even after | collectéchaalyzed the data, a
lot of work remained to be done to communicate findings to a broader audience. Keen on
framing, Rustem was instrumental at this stage. Tasha Shelby, our lab manager and scientific
editor, also made major contributions by carefullgdiag and editing my drafts to ensure
that our writing accurately captured the intended message and conveyed it effectively to a
broad audience. Furthermore, Tasha contributed beyond her role as an editor, spotting logical
errors and suggesting additiopalints worthy of discussion. Similarly, Rustem, Tasimal
the rest of the group were instrumental to polishing my oral presentations and my thesis
defense in particular. | was humbled to receive a lot of carefully thaghtgh feedback
that guided thé&nal version of my talk.

In additional to our group and my thesis committee, other membetkectaltech
community as well as outside collaborators shaped and contributed to my work. HCR experts
T Harry Choi, Maayan Schwarzkopf, Grace Shimd Antti Lignelli provided help at various
stages of the projects. Early on, Octavio and | received advice from Harry Choi and Antti
Lignell on the implementation of HCR v2.0 for visualization of bacteria in hyditsgele

hybrids of mouse intestine. Throughout trears, Grace Shin worked around the clock to
synthesize custom HCR reagents and, towards the end, encouraged me to consider the
superior HCR v3.0 technology. At the end, amidst the chaos of the pandemic, Maayan
Schwarzkopf found time to design HCR v3.0lpe and assisted me in the selection of the
degenerate universal HCR v3.0 probes. Throughout the jleslogylogical imaging facility

at Caltech led by Andres Collazo and assisted by Giada Spigolon, Blaise Ndjamen, and
Steven Wilbert provided training dntechnical assistance with confocal fluorescence
microscopy; moreover, they enthusiastically engaged in lengthy discussions on the technical
challenges of complex imaging experiments and the best strategies to work around the
limitations of physics. A lobf responsibility was taken off of our shoulders by the reliable
and attentive animal care staff, who cared for our experimental animals on our behalf.
Additionally, OLAR personnel and the veterinarian technicians were a great resource when
planning comptated animal experiments and performing delicate procedures. Outside
collaborators at Ceda&inai Medical Centeir Suzanne Devkota, Mark Pimentahd their

group member$ expanded our understanding of hostrobe interactions beyond animal
models ancenabled the translation of our developed tools to clinical studies. For instance,
Rustem and Mark Pimentel have been leading a translational collaboration between Cedars
Sinai Medi cal Center and Caltech; tnde oppo
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feedback on our development of quantitative tools helped me recognize the potential of our

3D imaging technology in clinical research. Finally, Suzanne Devkota generously shared
resected human gut samples from IBD surgeries, which is helping us &amstaBD

i maging tools to human gastrointestinal ti
research at her organized Keystone Symposia and, immediately after hearing her talk,
recognized an opportunity for a collaboration. | was later pleasanfyisad that Suzanne

not only responded to my email the same, thay also facilitated the paperwork such that |

could pick up the first human gut sample within two weeks of contacting her. Perhaps this is

a perfect example of a fruitful conference: stininka in the moment and enabling new

science even after it ends.

Countless other people and resources at Caltech made my journey smoother. Being an
international student, | heavily relied on International Student Programs, Laura Flower Kim

and Daniel Yodem particular who enthusiastically welcomed me to Caltech and assisted
with i mmigration paperwork throughout the
as well as chemical engineering option representative, Konstantinos Giapis, kept me on track
towards fulfilling PhD requirements, and numerous administratd@®hee Lee, Allison

Kinard, Kathy Bubash, Martha Hepworth, and Katie Fishieelped with scheduling, kept

me on track regarding various obligations, and relieved me of administrative tasks. |
particul ar, I am grateful to Sohee Lee who
celebrations, even bringing party balloons in her small car to cheer me up after my thesis
defense, as well as Martha Hepworth who would notify me of packageganghrticularly

excited for me whenever | received a package from home.

Graduate school would have been less fun and less endurable without the cheerful and
supportive friends | found at Caltech. My lab mate Tahmineh Khazaei was one of the most
preciousimmaterial gifts that | received at Caltech, whose support and encouragement
carried me through the toughest challenges and whose sense of humor made me laugh on the
most somber days. Despite our distinct cultural backgrounds, Tami would understand me
befae | even had a chance to explain myself fully, and in retrospect | see how rare and
precious such mutual understanding is. Said Bogatyrev was also not only a great colleague
but also a committed friend who cared for me throughout the years and atghdifiej

even bringing me food when | was too focused on my thesis to think about eating. Both Tami
and Said continued to support me through the challenging times of the pandemic, ready to
talk on the phone whenever | needed support. Justin Rolando;@weled character with
interests in music, travel, sports and even flying, was behind many indelible adventures that
| had in graduate school, like attending classical music concerts at Walt Disney Concert Hall
and flying over LA in a small fouperson mne. Although | may have spent less time with

Erik Jue outside the lab, time and time again | learned that Erik was a reliable friend ready
to listen and give his best advice. Due to their friendly and-gaisyg demeanor, both
Dmitriy Zhukov and Asher Psika Steinberg were like a source of tranquility to me, and
talking to them always lightened up my day. Finally, Tasha Shelby again exceeded the
expectations as a lab manager, caring for my wellbeing inside and outside the lab and making
time to listen andffer help and advice. In addition to my colleagues, my roomrhdtefly

Mauser, Paul Magyar, Sean Symon, Melissa Buteradt Jingxin Liang were my other
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support system who welcomed me every night with empathy and shared their own
experiencesinotheti sci pl i nes, expanding my apprecia
community. Calteclart house anthngo club provided not only a break from science and an
opportunity to exercise the other side of my brain but also friendship and a sense of
communiy bothinside and outside Caltechim Barry in particular was like my other mentor
at Caltech whose enthusiasm for my artistic ideas as well as advice on their implementation
helped me materialize a number of surrealistic paint{ifgg. Al), whereas Andasia
Chemeritskaya and Mark Van Vlagkere an inexhaustible source of support, wisdom and
new perspectiveo my every day challenges.

Although | pursued a PhD far away from home and family, | had many opportunities to enjoy
the sisterhood and brotherhoodtloé Lithuanian community at Caltech and California in
general. To my pleasant surprise, | was not the only Lithuanian at Calteckoandafter

arriving to Caltech, | met Jonas and Vilia Zmuidzinas, who cared for me throughout my
graduate studies. They welcomed me to their Thanksgiving and traditional Lithuanian
Christmas Eve dinners, which | remember for the exceptionally delicislissy hospitable
company and inexhaustible conversations. At these dinridrad an opportunity to meet
their family, i ncluding Jonasds stepmother
WWII and were like the most precious history books to méauaihian Consulate General

in LA and Lithuanian communities in both LA and SF organized many events, facilitating
connections and friendships among Lithuanians of different backgrounds. At theselevents
met Vaida Kidykaig, Julius Narkus and Tautvydas Kgmntas, with whm we shared many
adventures and celebrations and learneal wal each otherdspadihfsf erRd
Mei lutyt a, Maandg Mimdaugas Meslutid, thé thsee siblings, brought a
particularly authentic piece of home to LA. Basedithuania and having lived in LA for a

year, they caught me up on life and culture in Lithuania and were great companions in
exploring California, with adventures into the different parts of LA, roads trips to the other
worldly desserts, delicious meaisd soulful conversations. Finally, | did not lack visitors

from Lithuania, with Vladas Oleinikovas being the most frequent one. Perhaps due to our
similar paths, Vladas remained one of my best friends and most passionate advocates, and
perhaps due to hactive extraverted personality, Vladas not only revived old memories but
also brought new adventures every time he visited.
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Figure Al. Roberta PoceviciuteBrainwashed 2018. Acrylic on canvas, 24 x 36 inchealthough |
cannot claim with certainty, Brainwashed was perhaps inspired by the concept oftiramgeakis that |
learned about at Caltech. To rtie creative procesis ill -defined and poorly controlled; although | recognize
commonly encountered olgfs and concepts in my paintings, | do not combine them delibetatiekather
wait until a composition worthy of realization appears in my imagination. The generous reabGale=ch
Art House and Ji m Hemadytilesealizahof Bpinwashad andatiher paintmgs
possible.
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ABSTRACT

Mammalian gastrointestinal tract is inhabited thifions of microbes that, in number,
amount to the total nureb of cells in the human body. These microleefiectively known

as microbiota, arebundon the skin anth body cavitiesand cone in close contact with the
hoston mucosal surfaceblere,pivotal hostmicrobe interactionikely take placebecause
close proximity to the host enhances the uptakeniofobial metabolitedy the hostand
enables direct contacfo aid the investigatiomf these interactions, we developed an
imaging technologyhat preserves fragile mucosal structure, enables to eXptgeeareas

of mucosal surfageand imagethe structurally and biochemically complex haosicrobe
interface in 30n a mouseHowever, 3D imaging presatthallenges, such as slow transport
of large molecular weight reagents and low signal/backgreatid at depth, and these
challengesare further exacerbated in particularly thick samplasich assmall intestinal
samples with long fingdike villus protrusions and thick human gut samples. Therefore, we
furtheradvanced our technologyimprove sensitivity and specificity at dep#imd wehave
taken steps to translate our technology precious resected human gut samples from
inflammatory bowel disease patients. Finally, we applied these tools to interrogate
Enterobacteriacead Bacteroidaceaeinteractions in the small intestinef a mouse
weakened Y malnutrition. Using complementary tools, wave first determined that
Bacteroidaceaeequired malnutrition tancrease in number thhejejunumdigesta, whereas
Enterobacteriaceagequired both malnutrition an8acteroidaceae With imaging, we
visualizad that in malnourishedontrols bacteriawere effectively cleared after digks
passage, whereas imalnourished mice egavaged with Enterobacteriaceaeand
Bacteroidaceabacteria were retainesuggestive dbacterialadherence to armblonization

of mucosa. Finally, we detected a rare event of abundant bacterial colonizasiomlbf

intestinalmucosa and captured 3.
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Octavio MondragofPalomino,Roberta PoceviciutéAntti Lignell, Jessica Gifiths,
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NOMENCLATURE

Microbiota . Microbes that associate multicellular organisms.

Host. Multicellular organisms that hosts microbiota.

Mucosa Epithelial surface exposed to the environment, including theobita.

Mucus. Hostsecreted biological hydrogel that maintains homeostasis on the mucosa.

Small intestine.Part of the gastrointestinal tract responsible for food digeatidmutrient
absorption andharacterized by low microbitads.

Large intestine. Part of the gstrointestinal tract responsible for waste processing
characterized by high microbial loads.

Villus. Fingerlike protrusiors of small intestinal epitheliunmto the lumen that increatiee
absorptive area.

Intervillus space. Mucosal space ibetween villus protrusions.

Crypt. Indentation of intestinapithelial surface found in both small and large intestines.
SIBO. Small intestinal bacterial overgrowth characterized by either quantitative (increase in
total bacterial load) or qualitative (fexample, presence of colonic anaerobes) changes to
small intestinal microbiota.

IBD. Inflammatory bowel diseassharacterized by severe inflammation of the mucosa.

CLARITY . 3D imaging method that stabilizes tissue proteins, DNA and ,Rdtyemoves
light-scattering lipids for improved imaging depth.



Chapter 1

| NTRODUCTI ON AND SUMMARY

In this thesis, | describe two advances: first, the development of a novel 3D imaging
technology for studies of hesticrobe interactions in the mucosa of the mammalian gut, and
second, the application of this technology in an animal model to investga&ssociation

of Enterobacteriaceaend Bacteroidaceaen the small intestine and the role of this

association in the context of malnutrition and environmental enteropathy (EE).

Imaging is a key technique in understanding-noistobe and microbenicrole interactions

on the mucosal surfaces of the intestine. Other commonly used methods like sequencing
normally require sample homogenization and, as a result, report average levels of target
analyte, e.g. bacterial load or host marker expression, acrass $ipé averaging may be
suitable in the study of lumenal and fecal microbiota because microbiota in these locations
have been shown to be watiixed"? however, averaging is not appropriate in the study of
mucosal microbiota because the mucosal landscape of the host is complex, and villi, crypts
and epithelial folds prevent thorough mixing. Such spatial heterogeneity in the composition
of muwsal microbiota, as well as the proximity of microbes to the host, can result in great
spatial variability in hosinicrobe interactions in the mucosa. Therefore, the study of mucosal
microbiota requires imaging modalities that can map exact microbialdosatith respect

to each other as well as with respect to host cells and secretions, e.g., mucus. Additionally,
hostmicrobe and microbenicrobe interactions are threémensional (3D), so the optimal
imaging modality should enable visualization of 3Dtspatructure across large areas of

tissue to fully capture and quantify the spatial heterogeneity of this region.

In Chapter 2 of this thesis, | describe the development of an imaging technology capable of
visualizing the spatial structure of the hostrobe interface on mucosal surfaces. The gold
standard of imaging has been imaging thin sections of tissue; however, thin sections cannot

convey the 3D spatial structure unless a laborious 3D reconstruction from many separate
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sections is performed. Recenthdvances have been made to image microbial communities

in 3D. For example, imaging dimensionality of sections was increased by increasing section
thickness and stabilizing luminal contents and mucus with a hydrophilic resin; however, the
thicker sectioa were still only 12.5 um thick and captured only limited arfethe mucosal
surfacé. The breathrough in 3D imaging has taken place in the field of neuroscience where
the origiral CLARITY method was develop&d CLARITY relies on the idea that tissue
lipids are largely responsible for light scattering and shallow imaging depth, however, they
can be removed with a strong surfactant while nucleic acid and protein staining targets can
be stabilized in their native location by a hydrogel. CLARITY methodology has already been
adopted in the field of microbiology and microbiota. For example, in combination with
sensitive detection of bacteria by hybratinn chain reaction (HCR vZ2:#), CLARITY was

used to visualize bacteria in the sputum of cystic fibrosis patients and their association with
secetedmucus and free host céflsHowever, host epithelium was not captured by this
method. CLARITY has also been ustmpresere and clear an intachouse gut'2
however, bacteria were not visualized by these methods. Considering the advantages and
limitations of these existing methods, in Chapter 2 of this thesis we describe the development
of a nwvel acrylamide hydrogddased imaging technology that retains bacteria and mucus
on the mucosal surfaces, is compatible with lipid clearing for 3D imaging, and allows for
sensitive visualization of bacteria with respect to each other, host epitheliaesarfd

mucus secretions by staining bacteria using HCR v2.0. The resulting hytissgelhybrids

allow to explorelarge areas of mucosal surfaces and image target events at higher

magnification in 3D.

In Chapter 3 of this thesis, | address the techmicallenges of applying our 3D imaging
technology to particularly thick samples (10800 um). Specifically, although acrylamide
hydrogel was necessary to retain loosely adherent bacteria and mucus and to stabilize the
underlying tissue during clearingi¢f3.1), it also slowed reagent transport during staining

and washing. As a result, during reagent incubation, the ratio of reaction rate to diffusion
rate, or Damkoéhler number, was high leading to reagent accumulation at the surface and

weak staining deejm the hydrogetissue hybriéf4 Furthermore, in the case of reagents



3
with high molecular weight, e.g. antibodies, our original hydrogel chemistry was essentially

impermeable (Fi®.3, A-B). Similarly, during reagent wash, reagents deep in the hydrogel
tissue hybrids were not effectively removed. In the case of HCR tagging of bacteria, poor
removal of HCR v2.0 probes resulted in amplified background3eigA, D, and J and
amplified falsepositive sgnal (Fig3.5,A-B). To address these issues, we further developed
the hydrogel chemistry such that it still retains loosely adherent bacteria,rhutusakes

the gel more permeable to antibodies . Furthermore, to mitigate amplified nterget

signal of HCR, we translated the neersion of HCR probes (HCR v3®for more specific
bacterial detection at greater depths into the mucosa3Fgd3. These new technological
developments enabled us to better characterize host cells with antibody staining and
improved the specificity of bacteridétection.

Finally, in Chapter 4 of this thesik,leverage the advanced clearing and imaging tools
developed in Chapters-2 to elucidate the dynamics of the association between
EnterobacteriaceaandBacteroidaiceaean association that occurs in several disease states.
Members ofthe Enterobacteriaceafamily can cause severe, drtgpistant urinary tract,

lung, and blood infetions'®, and they are also thougto drive dysbiosis in the gt
Curiously,Enterobacteriaceaeo-occur withBacteroidacea@n several clinical contexts of

the gastroitestinal tact (GIT), such as colon cant&inflammatory bowel disease (IB#)

and small intestial bacterial overgrowth (SIB&) The associationféhese taxa in the small
intestine (SI) is particularly intriguing because the higher oxygen levels in the Sl than in the
colon?* should suppress the growth of strictly anaeroBacteroidaceae However,
metabolic modeling anith vitro bioreactor experiments in our lab have recently shown that
oxygen consmnption by the facultative anaerobes in Eréerobacteriaceatamily permits

the growth of strict anaerobes in Bacteroidaceaéamily whereas degradation of complex
carbohydrates bBacteroidaceasupportEnterobacteriaceagrowth??. Understanding the
impact of such synergistic S| communities on the host is relevant because compared with the
colon, the $has a 15x larger surface aféand the Sl is not protectey & firm continuous
mucus laye??S suggestinghat the hostmicrobe relationships in the SI may benm

intimate than in the colorn health, mucosal immunity, digestive secretj@rsl intestinal
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motility?5 28 protect the host from bacterial colonization of SI mucosa. Therefore, even if it

occurs, bacterial colonizatioof SI mucosa is likely rare, transier@nd elusive to our
observation. Nonetheless, we hypothesized that in dysbtbsidikelihood of bacterial

colonization of SI mucosa would increase such that now it can be captured.

As a clinically relevant application of this 3D imaging technoldgghose to study the
association of these two taxa using a mouse model of environmental enteropathy (EE) that
was established by egavaging malnourished mice with bdEscherichia col(E. col)) and
Bacteroide#Parabacteroidespp?®. EE is a chronic inflammatory subclinical condition of

the Sl primarily impacting millions of children in the developing world and thought to arise
from frequent oral réngestion offood and watecontaminated with fecal mattrwe
hypothesized that in a host weakened by malnutrition and challenged with the synergistic
Enterobactriaceaé Bacteroidaceaepair, the likelihood of bacterial colonization of Si
mucosa would increasand that our tools developed in Chapters 2 and 3 would enable us to
capture them 3D.

Thus, ve applied the technology developed in Chapters 2 and 3 to theok& model to
answer a series of questions alientierobacteriaceaandBacteroidaceaassociation in the

Sl. First, we asked whethé&. coli colonizes the Sl and what factors are required for its
colonization. In this analysis, we used bacterial quantification tools developed in our
laboratory that enable absolute quantifizatof individual bacterial taxa We found that a
malnourishing lowfat and lowprotein diet (MAL) was required for
BacteroidetParabacteroidespp. (BAC) to colonize the mouse Sl and to reabff 16S
rRNA gene copies per gram of digesthgreas cagavage witte. coli(EC) was not required
(Fig4.3 C-D). In contrast, both the MAL diet and -gavage with
Bacteroide#Parabacteroidespp. were required fd. colito colonize the Sl at(?-10’ 16S
rRNA gene copies per graof digestaabundane (Fig.4.3B). The cegavage was also
required forE. colito expand in other locations in the gastrointestinal tract (GIT)ABi§).

In contrast, neither the MAL diet ndhe co-gavage withE. coli were required for

Bacteroide&arabacteroidespp. to expand to the colon and reach the loads of the resident
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B. theta(Fig.4.3, GE). Therefore, my hypothesis was supportedcoli colonized the Sl,

but required host weakening by malnutriton and the presence of
Bacteroides/Parabacteidesspp.

Second) asked whether the gavaged bacteria remained in the Sl or were cleared with the
passage of digesta. In our experience, in healthy mice of the sajiactgea are cleared

and few bacteria remain in the SI. Our imaging technology enabled us to scardagef

the mucosal surface to identify these rare events of bacteria remaining in the SI. To ensure
that segments empty of digesta could be identified in theSthide always fasted animals

for 1 hour prior to euthanasia. We detected large opaque atggegsibldgo the nakeeye

that were indicative of bacteria in three of four mice in the MAL+EC&BAC treatnient

one of the four nce in the MAL+BAC treatmentyut in none of the mice in MAL+EC or
MAL+PBS treatmentgFig.4.6A and Fig.S6). Cleared hydyettissue hybrids were then
stained with DAPI to visualize epithelium and with HCR v3.0 probes for total bacteria,
BacteroidefParabacteroidesspp. andE. coli. Tile-scanning at low magnification for
epithelium and total bacteria detected that bactenia densely packed in these large surface
aggregates with the rest of the tissue appearing sterile and resembling the tissue samples
where large surface aggregates were not detectedd.@Agand Figd.S7). Closer
examination of the large aggregates at @rgmagnification with taxospecific probes
detected an abundance BécteroidefParabacteroidespp. in one MAL+BAC and one
MAL+EC&BAC mouse (Figd.6B). Image segmentation and quantification of bacterial
volume identified thaBacteroide#fParabacteroidespp. made up >10% of total bacteria
(Fig4.7, A-B), while 16S rRNA gene copy analysis deted@edteroidefParabacteroides

spp. at only ~1916S rRNA gene copies per gram of digesta equivalent to on the order of
0.1% of total 16S rRNA load (Fi¢.3, A, C, and D. Although probe crosgeactivity may
partially explain the differences, our results did not exclude the possibility that
Bacteroide&Parabacteroidespp. weregpresent in empty Sl and evéactionally enriched
compared to the digesta. In contr&stcoli were less prevalent in the bacterial aggregates
and amounted to on the order of 0.1% of total bacteriad(Ag), which was consistent with

E. coliload in the digesta measured at %10’ 16S rRNA gene copies per gram of digesta



6
and equivalent t0.1-1% of total bacteria (Fig.3 A-B). Furthermore, consistent with 16S

rRNA gene copy quantification (Chapter 4, Fig.3B),coli could not be detected on the
mucosa of any of the MAL+EC mice (Chapter 4, Fig.7C). One MAL+EC&BAC mouse had

a different comosition of large surface aggregates in its Sl, with a lower abundance of total
bacteria and depletion dE. coli and BacteroidefParabacteroidesspp. However, free
mammalian nuclei were abundant, and high abundance of free nuclei could also be detected
in one MAL+EC mouseKigs.4.6B4.7D). Overall, our data showed thatlnutrition and
co-gavage WithE. coliandBacteroidefParabacteroidespp. increase bacterial retention in

the SI after a 1 h fast. Additionally, our findings suggested tBatcoli and
Bacteroide#Parabacteroides spp. were among the remaining bacteria and that
Bacteroide&arabacteroides spp. were fractionally enriched, suggestive of their

colonization of empty SI segments.

Third, | reasoned that the observed increased bacterial retenttbe MAL+EC&BAC

group correlated with the increased likelihood of bacterial colonization of the SI mucosa, and
that now the hypothesized colonization can be captured. Furtherrokmewdedging that

large surface aggregates may represent aggregation of gavaged bacteria in the lumen (and
thus our detection of the gavaged bacteria may represent host response to bacterial retention
in the SI), we reasoned that bacterial presence in the mucosa calitddbevidence that
bacteria colonized the SI. To sensitively and specifically visualize bacteria deep in the
mucosa, the adoption of HCR v3.0 probes to stain bacteria described in Chapter 3 was key
because the previously used HCR v2.0 probes were pyagieing amplified background

and false positive signal at these depthsgBig5). Imaging of small bacterial aggregates
detected in one MAL+EC&BAC mouse revealed that these bacteria penetrated deep in
between and around the villi (Hg8). Like large surface aggregates,
Bacteroide&arabacteroidespp. were abundant (on the order of 10% of total bacteria by
volume; Fig4.8F). Again,E. coli were sparsebut could be detected to associate with
Bacteroide&arabacteroidespp. (Fig4.8F). The spatialtaucture we observed visually was
consistent with the 16S rRNA gene copy analysis, which demonstrated that

Bacteroide#arabacteroidespp. did not require gavage with colito colonize the Sl of
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malnourished micebut facilitatedE. colib s ¢ o | ¢Fg#4.3 B-D).i Werhypothesized

that the ability oBacteroidesspp. to adhere #6and forage off mucus may mediate their
ability to colonize SI mucosa. Indeed, wheat germ agglutinin (WGA) staining for N
acetylglcosamme (which is abundant in muéas) and HCR staining for bacteria showed
that bacteria were eocalized with Nacetyleglicosamine (Fig.9). These results provide
evidencethat Bacteroide&arabacteroidesspp. can colonize the intervillus space of

malnourished mice.

Finally, reasoning that the observed large surface aggregate represented host response to
bacterial expansiom Sl digesta and colonization of SI mucdsaterrogated the structure

of the observed large surface aggregates for host compoRentgusly, it was reported

that cogavage was required to induce EE features in malnourished mice, including
additional weight loss or reduced weight gain with respect to malnutrition alone, villus
blunting and increased intestinaflammation and permeabilit§; Our lab (and others) have

not been able to reproduce the EE model, includinggperted weight changes. We have
observed only a slight trend towards higher transcription of-UNF a n-8 geres in
response to bacterial gavagasthe ileum(Fig.4.1 D-E). Considering that severe tissue
inflammation was not induced, we reasoned that detected large surface bacterial
aggregates effectively maintained homeostasis and that these events warrant more attention.
Curiously, in one mouse in MAL+EC&BAC treatmeabundant free mammalian nuclei
surrounded bacteria, suggesting that either lelistglayed a role in aggregation or that they

were also subject to aggregatidio determine whether the free mammalian nuclei we
observed were damaged epithelial cells or infiltrating immune cells, we leveraged the
technological developments described Ghapter 3, specifically the improvements in
hydrogel permeability that permitted antibody entry into the hydtiggle hybrid (Fig.3).

Antibody staining for EpCAM, epithelial cell markégA, secretory antibodiesind Ly6G,
neutrophil marker, concladl that epithelial cells dominated these aggregates4 (Fij.
Furthermorethe aggregates appeared structured with mucus and bacteria partitioning to the

center and epithelial cellsto the outer shell. The observed events raised a hypothesis that
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the doserved epithelial damage may not only be the consequence of host response to

bacterial colonizatiorbut also a mechanism to clear bacteria from the mucosa.

In summary, this thesis describes a novel 3D imaging technology and its usefulness in
studying microbial communities in the GIT at multiple scales and in 3D with simultaneous
visualization of bacteria, host tissue, celld secretions. As a proof of concept,
demonstrate the application of this technology to one specific, clinietdlyant association
between two microbial familiesEnterobacteriaceaeand Bacteroidaceae known to
associate with each other in several human disease states. Application of our 3D imaging
technology, corroborated by absolute quantification of 16S rRNA geapy analysis,
showed that the strictly anaerobRacteroidefParabacteroidesspp. more effectively
expanded irthe S| of malnourished compared with wedlurished mice, suggesting that
malnourished children may also be prone to Sl colonization by #tgsty anaerobic
colonic species. WhilBacteroidefParabacteroidespp. did not requir&. coli co-gavage

to expand inthe SI,E. coli requiredBacteroidefParabacteroidespp. expand in the SlI.
Furthermore, we concluded that MAL+EC&BAC treatment ndy ted to the expansion of

the gavaged bacteria in the digediat also increased bacterial retention after digesta
passage. We reasoned that this increased bacterial retention correlated with the rare event of
mucosal colonization. Indeed, in one MAL+EBA&C mousewe detected abundant bacteria

in the intervillus space and captured this bacterial colonization in 3D for the first time. Our
data concludedhat gavaged bacterial isolates (or at least their higher order taxonomic
groups) were present in the teleted mucosal bacterial community and that
Bacteroide&Parabacteroidespp. may have been fractionally enrich@aksibly by adhering

to and foraging on mucus. Although, fractional, coli were not enriched in the empty
segment®r the mucosaomparedvith the digesta, their retention in the SI was significant
because it may allo®. colito seed at a higher density upon arrival of the next meal. Our
findings are complementary to previously published work on this EE mouse model.
Previously, it was showtat induction of EE phenotype in malnourished mice required co
gavage with bottBacteroidefParabacteroidesspp. andE. coli; additionally, our data

demonstrates that expansiontfcoli in the SI of malnourished mice only occurs after
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gavage with onlyBacteroidefParabacteroidesspp. Thus, our findings suggest that

expansion of E. coli in the SI weakened by malnutrition and enabled by

Bacteroide&arabacteroidespp. can lead to EE. Similarly, in humans, colonization of the

S| by BacteroidefParabacteroidespp. may act as a carrier of other disgasenoting

species.
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Chapter 2

3D IMAGING FOR THE QUANTITATIVE DISCOVERY OF SPATIAL PATTERI
IN THE MICROBIOTA OF THE INTESTINAL MUCOSA

Abstract

Understanding the synergy between the spatial structure of microbial communities in the gut
and the interactions between their Compon e
spatial order in their native setting, and therefore the ability to acquiiire enicrobial
aggregates and host tissues. We developed a systematic procedure to quantify the 3D spatial
structure of the native mucosal microbiota in any part of the intestines with high spatial and
taxonomic resolution. We imaged five dominant baatesxa in the mucosa of the cecum.
Analysis of the spatial distribution of bacteria in the mucosa at different scales revealed
strong pairwise correlations between taxa as well as between specific taxa and the ensemble
of bacteria or the host. These pattewere consistent with a model in which a strain of
Bacteroidetess247 may lead the colonization of crypts, along wWiihmicutestaxa with

varied degrees of interdependence. In the context of intestinal diseases where the microbiota
may play a causable, the methodology presented here may be used to identify microbes or
interactions that may contribute to the diseased state.

Significance Statement

Many human diseases are causally linked to the gut microbiota, yet the field still lacks
mechanistic undstanding of the underlying complex interactions because existing tools
cannot provide access to microbial communities and their intact native context
simultaneously. In this work, we provide a new approach to tissue preservation and clearing
that enablewisualization, in 3D and at scales ranging from cm to um, of the complete
geography of the hoshicrobiota interface. We combine this new tool with sequencing and
multiplexed labelling of the microbiota to provide the field with a platform on which to

dismover patterns in the spatial distribution of microbes. This approach will enable
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researchers to formulate and test hypotheses aboummigysbe and microbenicrobe

interactions.

Introduction

The composition of resident microbial communities is drivenuiyient availability' 3, the
physical environmefi, hostmicrobiota interactior’s, and ineractions within the
microbiot&°. The sum of all these forces may shape the spatial arrangement of intestinal
microbes and, inutn, the spatial structure of the microbiota could influence how host
microbe and miombemicrobe interactions occlfr The synergy between the miero
geography of intestinal deterial consortia and the interactions of microbes with their
environment or other microbes has been stuntiedtro using synthetic communiteand
computational simulatiod$®. In the context of the gastrointestinal system, studying the
connection between the native spatial structure of the microbiota and its function naturally
calls for threedimensional (3D) imaging strategies that enable the simultaneous visualization
of bacterial communities and Hastructures at multiple scal€s’. However, existing 3D
imaging approaches remain hindered by the opacity and impermeability of intestinal tissues
and their contents. Methods have been developed to obtainseaigmal slices from
paraffin or plaic embedded intestinal tissd®%’ Thin sections eliminate the optical and
diffusion barriers that thick tissues present to imaging and molecular stdintrfgpgment

host tissues and microbial assemblies. The advent of-titesaring technologies has enabled

the imaging of cellular structurda thick tissues like the brah?l However, the full
potential of tissu€learing techniques has yet to be realized to quantify the composition and
organization of the hoshicrobiota interface with spatial resolution.

Sequencing of bacterial 16S rRNA genas heen effective at surveying the composition of

the bacterial microbiota in different compartments along and across the gastrointestinal tract
(GIT). Indeed, sequencing has revealed that the mucosal microbiota is distinct and spatially
heterogeneous, afmbinformatics tools have enabled the inference ofdyal networks of
interactio? 32, However, sequencing alone cannot be used to reconstruct the spatial order

of bacteria ad the host with high spatial resolution. Therefore, microscopic imaging of thin
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sections of intestinal tissue is tiie factoapproach to study the fine spatial structure of the

microbiota and the ho$t®1°3 Thinsection imaging (TSI) is ordinarily coupled with
fluorescencein situ hybridization (FISH), immunohistochemistry, and other labeling
methods that link the molecular identity of bacteria and host elencethisit location. For
example, TSI has been used to study the spontaneous segreg&smherichia coliand
mucolytic bacgria in the colonic mucus layér by measuring the distance of different
bacterial &xa from the epithelial surfatesuch as during inflammatidh In notable recent
examples of the quantitative application of TSI, sanibmated computational image
analysis was used to measure the thickness of the colonic mucus layer and the proximity of
bacteria tdhe host as a function of di&tand multiplexed FISH was used to investigate the
microscopic spatial structure of a-fdembermicrobiota in the distal coldh

Although TSl is valuabléo investigate the biogeography of the intestines and the microbiota,

it is unable to completely capture the spatial structure of bacterial communities in the gut.
The first limitation of TSI is that it sets tadimensional bounds on the spatial exploratio

of a heterogeneous, 3D system. TSI sections are typicallp pm thick, whereas
topographic epithelial features and mucosal microbial communities caidberders of
magnitude larger. Mucosal biofilmsan be hundreds of microns Idfgand bacterial
colonies in the colonic crypts have a heterogeneous taxonomic composition with a 3D spatial

structure thicannot be charted unless the entiggot(diameter 50 um) is imagéd®’.

Quantitative descriptions of the 3D spatial struetaf native bacterial biofilms with
taxonomic resolution are challenging to develop because of the natural opacity of the
intestinal tissue and contents, and the complex composition of the microbiota, in which
potentially hundreds of bacterial species tsteMoreover, a quantitative description of a
diverse and spatially heterogeneous system requires abundant data that can only be obtained
through unrestricted optical access to samples. Fdsaeing techniques have been
developed for some tissues arrdams (includingorain, heart, kidney, lung, stomach, and
sputum§*3841 However, the naive application of tisstiearing techniques will not prevent,

and may cause in some cases, the loss of mucus and bacterial communities.
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Here, we developed an advanced tisdearing technique that preserved the spatial

structure of the mucosal microbiota and its host context. We combined this method with
sequencing of 16S rRNA genes, amplifiadsitu labeling of rRNA, spectral imaging, and
statistical analyses. This method &pable of revealing patterns in the composition of the
microbiota with taxonomic and spatial resolution. As a demonstration, we use this
methodology to reveal strong patterns in the spatial structure of the mucosal microbiota of
the cecum at multiple scaleand which are consistent with potential interactions within

microbial communities in crypts and with the host.

Results

Sample preparation, staining, and imaging

To achieve unrestricted optical access to the mucosa, we developed -aléisgoation
method that exposes the intestinal mucosa in a fully laid out display (Fig. 1). Mounting tissue
samples flat enabled us to image any point of the mucosa using a standard confocal
microscope, and clearing the tissue increased the depth of imaging withvedfiretdx
matching longworking-distance objectives (Supplementary Materials and Methods).
However, achieving optical transparency of exposed intestinal tissues posed multiple
experimental challenges. Clearing techniques that do not create a hydrogeldmatat
protect and preserve the delicate materialscs, biofilms) on the muco$zand CLARITY

and PACT techniques involve multiple mechanically stressful sapmpfgaration steps to
transform the ellular matrix d tissue into an acrylamide g&f**® Moreover, application of
CLARITY or PACT to wholemount tissues wouldreversibly deform them and destroy the

patterns of bacterial colonization on the mucosa.
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Figure 1. Sample preparation and i maging for 3D maprg
(a) The workflow of the method has five key stepwirich a section of intestinal tissue is prepared for whole

mount confocal imaging of the mucosal microbiokg.A sample of preserved murine cecal tissue before and

after 4 d of lipid removal. The dimensions and shape of the sample are not visiblylaltelesating. Scale bar:

1 cm. €) Tiled image of a typical intestinal tissue sample after the method. The image of the cecum was obtained

by stitching multiple fields of view acquired at 5X magnification. Bacteria were stained by hybridization chain

reacton (HCR) with a eubacterial detection probe, and host nuclei were stained with BABD (endering

of the confocal imaging of the area enclosed in the dashed white square in (¢c) shows clearly the location of
bacteria with respect to each other anchibet.

To maintain the spatial integrity of bacteria and mucus during wholant sample
preparation, we developed a method that addresses separately the preservation of the
materials on the tissue surface from the preservation of the rest of the sardplleata
minimizes the duration of steps that can dislodge mucus and biofilms. The overall workflow
of our method (Fig. 1a), which we developed mwine model, was as followdter careful
dissection and removal of intestinal contents, tissues weckifiygaraformaldehyde for 1 h

to prevent biochemical decay. Next, we created a capillary layer of acrylamide mix between
the exposed mucosa and the glass bottom of a shallow chamber. Upon heating, the
acrylamide mix polymerized into a gel layer witkhakness on the order of 100 Once

the mucosal surface of the sample was protected, the remainder of the tissue was embedded
and gelled. Finally, the uncovered surface of the sample (the muscle side) was glued to a
rigid, flat, plastic substrate to keepeteample flat (Fig. 1b). In this configuration, samples
could be passively cleared, stained, and imaged without damaging the mucosal surface. A

detailed description of the workflow is availableMaterials and Methods
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To locate bacterim situ, we fluoescently labelled bacterial 16S rRNA transcripts through

hybridization chain reaction (HCR*) (Materials and Methods). Standard FISH probes are
labelled with up totwo fluorophores, which produce a fluorescent emission that is
sufficiently intense to image bacteria on thin sections. However, bacteria in the mammalian
gut can be found in thick biofilms, epithelial crypts, or across the epithelial barrier, all of
which obscure visibility. Therefore, we used HCR for labelling because it increases the
intensity of fluorescence by at least one order of magnitude contpafé8sH probe¥.

The method presented here enables the mapping of bacteria on the mucosa at multiple length
scales. To reveal patterns of colonization over spatial scaleeardbar of centimeters,

tissue samples were imaged in a les@mning confocal microscope at low magnification

(5X), and the images were tiled (Fig. 1c). To image the detailed spatial structure of bacterial
biofilms with micrometer resolution (Fig. 1d ai@lpplementary Video 1), we mounted
samples in a refractivedexmatching solution (n = 1.46) and used a 20X CLARITY
objective with a collar for the compensation of spherical aberrations (Materials and
Methods).

Sensitivity and specificity of bacterialahing

Sensitive and specific identification of mucosal bacteria through fluorescence imaging was
accomplished by optimizing HCR tagging and controlling fortaffjet effects (Materials

and Methods, Supplementary Materials and Methaals Fig. S:S4 andS8). Fluorescent
tagging through HCR was achieved by making the bacterial cell wall permeable to DNA
probes and HCR hairpins. However, the acrylamide gel sheet that we created to protect the
mucosal surface of samples formed a barrier for the diffusidysokzyme (Fig. 2a) that
digests the bacterial peptidoglycan. Poor permeabilization of bacteria limits the sensitivity of
imaging to the most superficial bacteria and impedes the detection of bacteria deep in the
tissue samples. To determine the correchceatration of lysozyme for optimal
permeabilization of the cell wall, we created acrylamide gel slabs and embedded them with
Gramypositive Clostridium scindersand Grarmnegative Bacteroides fragilis bacteria.

The purpose of these gels was to mimicgeemetry and composition of the acrylamide



layer on tissue samples. The gel slabs were obtained by using the same proceduri/as in the
preservation and clearing of tissues, had similar dimensions to tissue samples, and were
exposed to lysozyme on one sady (Supplementary Materials and Methods and.FS¢

S2). The duration of the treatment with lysozyme was kept constant at 6 h, and we varied the
concentration of lysozyme in the range&sIng/mL to determine the optimal concentration

for bacterial permdalization. Bacteria were tagged with an HCR probe that included a
eubacterial detection sequence (eub338), and we imaged from the surface of the gels to a
depth of 600 um (Fig. 2b). We measured the intensity of HCR tagging of bacteria, which
were identifed with the blud | uor escent DNA i nt-dlamidirok-at e d
phenylindole). The sensitivity of our method was defined as the proportion of bacteria down
to 600 pm with a fluorescent sigrabackground ratio 20 (Fig. 2c). At a lysozyme

concentration of 5 mg/mL, sensitivity was 94% and it dropped to ~50% for 1 mg/mL.

Nonspecific detection and amplificatiane potential sources of background signal in HCR.
Control experiments showed that in the absence afgett (GF + eub338) or a detecting
probe (SPF + non338), there was no amplification, whereas when both the target and the
probe were present (SPF + eub338), there was amplification (Fig. 2d) (Supplementary
Materials and Methods). Plotting the intensityuesl showed that in situ HCR tagging of
bacteria produced a signal that is-8.8mes as strong as the background in 90% of bacteria
(Fig. 2e).
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Figure 2. Sensitivity and specificity of fluorescence imaging of bacteria embedded in acrylamide gels
using dual embedding.(a) Maximum intensity projection of a digital cressction (152 um) of intestinal

tissue. The thickness of the protective acrylamide gel layer is revealed Hiubhescent beads on its surface.

The layer of gel is a diffusive b#r for lysozyme during HCR staining of bacterid) Maximum intensity
projections of digital crossections (50 um) of gel slabs seeded with bacteria. The effect of lysozyme
concentration on the sensitivity of HCR staining is illustrated. At a suboptimnakntration of lysozyme (1
mg/mL), only bacteria near the surface of the gel can be detected, whereas a concentration of lysozyme of 5
mg/mL enables the detection of bacteria throughout thegy&xperimental cumulative distributions of HCR
staining of bacteria embedded in gel slabs that were treated with different lysozyme concentrations. At a
lysozyme concentration of 5 mg/mL, approximately 94% of bacteria within 600 um of the surface have a signal
to-background ratio 20 (vertical dashed linefd) Maximal intensity projections of representative luminal
views of proximal colon tissue used to test the specificity of HCR staining of bawtsitia (left) HCR with a
eubacterial detection sequence (eub338) in deen(GF) tissue, (center) HCR widmonspecific conbl probe
(non338) on tissuerith a microbiota (specifipathogerree, SPF), and (right) HCR with a eubacterial detection
sequence (eub338) on tissue with a microbiota. Scale bars: 10@) Expéerimental cumulative distribution

of the backgrouneto-noise ratio from controls fan situ HCR staining of bacteria in panel (d). Three fields
(n=3) of view from each sample in panel (d) were acquired. The average intensity of the background was
calculated from the controls with no target and a nonspecific probe. Bacteria were segmenteihigitisign

filter to obtain their average HCR fluorescence.

Cumulative Proportion of Bacteria

SPF tissue + eubacterial probe

General 3D spatial organization of bacteria in the ileum, ceguand proximal colon
To evaluate our 3D imaging methods, weged bacteria, mucuand the host epithelium
in disparate sectionsf the GIT withdifferent biological functions, mucosal topographies,

and amounts of mucosal materfal®,
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Proximal colon
At low magnification (5X), we observed the crests and valleys of the epithelial folds and that
most of the mucosa was covered by food particles and mucus (Supplementary Fig. S5a). At
higher magnification (20X), our method enabled the exploration of the 3D cajaniof
the hostmicrobiota interface in the proximal colon (Fig. 3a). 3D imaging can be analyzed
through digital crossections with arbitrary orientation and thickness. Examining digital
crosssections, we found that bacteria were mixed with mucusdbi@ad granules in a layer
that had an average thickness of 125 um (Fig. 3b and Supplementary Video 2). We also
found that bacteria were separated from the epithelium by a single layer of mucus with an
average thickness of 22 um. 3D imaging provides thityato examine tissues in their
totality through computation&D rendering. Thus, we weable to scan the tissue and find
rare but conspicuous locations where bacteria had penetrated the mucus layer or crossed it

and reached a crypt and the sgithelal space (Fig. 3d).
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Figure 3. Spatial structure of the hostmicrobiota interface. (a) 3D rendering of confocal imaging (20X) of

the crest of a fold in the proximal colon. The epithelium (blue) is covered by a mix of mucus (green) and bacteria

(orange) (b) Maximum intensity projection of the digital cressction (7 pm) depicted in panel (a). Muensl

bacteria are organized in weléfined layers. Two layers of mucus separate most of bacteria from the mucosa
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and from the luminal contents (removearthis area of the sample). The thin layer of mucus that separates
the epithelium from the majority of the microbiota in the lumen can be crossed by bacteria in healthy tissue.
Scale bars: 100 umc) Zoomin view from panel (b). Examples of bacteria @esend across the thin mucus
layer that lines the epithelium. The mucus layer was not shown here to facilitate the visualization of bacteria.
Scale bars: 100 umd) Maximum intensity projection of a digital cresection (7 um) from the same sample
as inpanel (a). Inside the oval is another example of bacteria crossing the thin mucus layer and the epithelium.
(e) 3D rendering of confocal imaging (20X) of villi of the small intestine covered with mucus and bafjteria. (
Maximum intensity projections of ttdigital crosssection (16 um) depicted in panel (e). Bacteria accumulate
on mucus around the top of villi.

lleum

At low magnification (5X), imaging revealed that bacteria were not uniformly distributed
throughouthevilli, and were mostly found as paot large agglomerations of food particles
and mucus that adhere to the epithelium, as well as bactecas aggregates around villi
(Supplementary Fig. S5b). At higher magnification (20X), 3D imaging shivetdacteria
were contained by thaucus to adyer near the top devilli (Fig. 3e-3f).

Cecum

The epithelial layer of the murine cecum is organized as a regular array of recessed mucus
secreting glands known as cryfftsAt low magrification (5X), imaging showed that bacteria

in the cecal mucosa formed colonies that were associated with one or multiple crypts (Fig.
4a). However, the colonization of crypts was not homogeneous across the tissue. Colonized
crypts were spatially clustetend surrounded by crypts with few or no bacteria. In contrast,
mucus was somewhat evenly distributed across crypts. 3D imaging at higher magnification
(20X) confirmed that not all crypts were occupied by bacterial colonies, but that all crypts

secreted mcus (Fig. 4b).
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Figure 4. Multiscale imaging shows that the cecal mucosa is colonized in patci{@p Tiled image of luminal
imaging of a tissue sample from the cecum. The image was obtained by stitching multiple fields of view
acquired at 5X magnificatn. Bacteria were stained by HCR with a eubacterial detection probe, the DNA of
host cells was stained with DAPI, and the host mucus was stained with WGA lectin. The epithelium of the
cecum was lined with crypts, some of which were isolated and somealf whie connected to other crypts

by crevices. The colonization of the mucosal crypts was discontinuous. Clusters of colonized crypts were
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separated by areas with fewer bacteria. The spatial distribution of mucus was more uniform. Scale bar: 1
mm. ©) 3D rendering of confocal imaging (20X) of the cecal mucosa enclosed in the square area in.panel (a)
(c) Maximum intensity projection of the digital cressction (70 um) is indicated by a dashed line in (b).
Bacteria that colonize the cecum occupy the tsrngmd the mucus these glands secrete. All crypts produce
mucus, but not all crypts are colonized by bacteria. Scale bar: 75 pm.

Quantification of the composition and spatial structure of the microbiota of crypts

As shown in our 3D imaging of the muco#gé. 3 4), bacteria occupied spatial niches with
different geometries along the GIT. In the proximal colon, bacteria accumulated in a layer
that ran parallel to the epithelium, whereas in the cecum, bacteria were split into colonies that
were associatedith crypts. The microbiota of the cecal mucosa and of intestinal crypts is

diverse (refs). However, the spatial structure of tkesemunities remains unexplored.
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Figure 5. Multiplexed staining of the native mucosal microbiota is specific and comprehensi (a)
Taxonomic composition of the bacterial microbiota of the cecum according to the sequencing of 16S rRNA
genes. In both plots, each bar represents the mean proportion of a taxonomic group. Murine cecal mucosa for
total DNA extraction wasarvested from four mice (n=4). Error bars represent the standard deviatién. (

matrix of bacterial taxa and detection sequences where each matrix element gives the percentage of bacterial
cells experimentally tagged by HCR with each detection sequieleadly, a probe only hybridizes bacteria

with perfectly homologous rRNA transcripts. Perfectly matching pralen pairs (PMPs) are color coded,

for example lac435C. scindensWe set a minimal detection threshold of 85% for PMPs. At this thresheld, off
target HCR tagging is maximally reduced and detection sensitivity is maximize2D (rendering of cecal

mucosa imaged at 20X magnification. Bacterial 16S rRNA on the sample was stained with multiple HCR probes
with detection sequences cfb560, lac4363%p, clept1240, and mucl43d) Maximum intensity projection

of the digital crossection (5 um) that is depicted i) (vith a dashed orange line. Multiplexed staining with

the probes tested i) reveals the location of five taxonomic groups in a dignsopulated dual crypt. Scale

bar: 50 um.
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To explore the spatial order in the microbiota of cecal crypts, we extendedagingm

method to enable multiplexed imaging of bacterial targets. First, to identify the taxa we
should target for imaging, we sequenced the 16S rRNA gene of the microbiota of the cecum
(Fig. 5a), and searched the literature for FISH probes that could spectietdtt bacteria
belonging to the five taxonomic groups that comprised ~76% of the sequenced reads:
Bacteroidetes  Lactobacillaesae = Ruminoccocaceae Lachnospiraceae and
VerrucomicrobiaceaéFig. 5a).

We testedn vitro the sensitivity and specificity ofie selected detection sequenced@R

(see Materials and Methods, Supplementary Methanut$,Figg. S3S4). With each probe,
except mucl437 foAkkermansia muciniphilawe performed HCR on four species of
bacteria that were representative of the targen@mic groups. We used an additional probe

for E. colibecause it was not found in the sequencing of the cecal mucosa and thus served as
a further control for the specificity of our probes (Supplementary Table S1). Finally, HCR
probes for multiplexn situ imaging were designed by pairing a unique HCR hairpin pair to
each detection sequence that detected at least 85% of its ideal target bacterium while being
insensitive to the rest of the bacterial targets, with the exception of the detection sequence
cfb560 that crosseacts with 0.3% dE. colitargets (Fig. 5b). The promiscuous lab158 probe

was rejected in favor of the orthogonal Igc354 suite.

Because we had observed that cecal crypts are colonized in patches (Fig. 4a), we performed
multiplexed HCR on everal cecum samples and imaged the most abundant target taxon
(Bacteroidetesat low resolution (5X) (not shown) to locate patches. Within one patch of
crypts, we obtained spectral imaging at higher magnification (20X), which was processed
computationallyto remove the fluorescent spectral overlap (Supplementary Materials and
Methods). 3D spectral imaging with linear deconvolution of the cecal mucosa clearly showed
multispecies colonization (Fig. 5¢ and Supplementary Video 3), and distinguished the
location of different taxa in dense cryptal colonies (Fig. 5d). We analyzed the taxonomic
composition of a subset of 59 abundantly colonized crypts using a commercial 3D image

analysis software (Materials and Methods, Supplementary Video 4). We measured the
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abunénce (number of voxels) and the position of the target taxa inside crypts.

Accordingly, the crypt microbiota was 65®acteroidetes 18% Lachnospiraceael3%

Ruminococcaceaand 3%Bacilli, with an insignificant proportion dtkkermansia
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Figure 6. Statistical analysis of the composition of singlerypt communities reveals spatial and
demographic patterns. (a)Color density map and dendograms obtained from the hierarchical clustering
analysis (HCA) of bacterial abundance in crypts colonized by fmtebal groups. Based on the abundance of

four taxa, three states of the crypt bacterial commuhity, H) are identified by the hierarchical clustering. In
average, the total abundance of bactert anypts was the highest, ircrypts was intermedie, and in L crypts

was the lowest. Across all the states, the abundance of Lachnospiraceae and Ruminococcaceae tracked each
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other closely across the entire set of cryfiisDistribution of the total abundance of bacteria per crypt for
the ensemble of gpts (black) and for the three states of crybtéblue),l (cyan), andH (red).(c) Preservation
of the intestinal tissue in whelaount enabled the mapping of crypt states to the mucosal coordinates to observe
their spatial relationships. The threedibf view have crypts in each state, and each state seemed to form sets
of contiguous crypts of different sizé€d) Scatterplots of the total abundance of bacteria per crypt as a function
of the abundance of each taxon and reported for each stateafi$teatly significant correlations (significance
l evel 0.05) are wWepoadt ddrf emcddjcrympyptss atle (I

To search for patterns in the distribution of bacteria across crypts, we performed a
hierarchical clustering analysi¢iCA) of the abundance of bacteria with singtgpt
resolution (Materials and Methods). The number of voxels of each channelsa@ai®ed to

give a normalized abundance of bacteria based on their spatial fluorescent signal. The result
of the clustering isepresented as a color density map, which shows the abundance of each
taxonomic group (columns) across the ensemble of crypts (rows) (Fig. 6a). Columns and
rows are arranged by similarity, which is represented bylikedierarchies for bacterial

taxa ad crypts.

In the vertical axis, the HCA identified three states of the crypt microbiota (Fig. 6a), which
were further confirmed by aDistributed Stochastic Neighbor Embedding clustering
algorithm to form distinct groups (Supplementary Fig. S7). The three statespmnd
approximately to (H) crypts that are populated above the average for each taxon, (L) below
the average for each taxon, and () at an intermediate total amount (I). The average total
abundance of bacteria within each state is ~ (H, I, L) = (1@I@®, 3000) Voxels (Fig. 6b).

To examine the distribution of these states in the patch of crypts (Fig. 6¢), we mapped their
location to the mucosa, finding that crypts in each state seemed to form spatially distinct sets

(chains or clusters) in the imagesjion.

In the horizontal axis (taxa), the dendogram showed that the abundarachobspiraceae

and Ruminococcaceam single crypts were the most similar. This close association was
supported by a statisticall y(SspplgnentatyiFigant S|
S6). The other pairwise correlations among taxa were pqQdiinenot as strong. Next, to

evaluate the strength of the association of each taxon to-siygkecommunities, we plotted

the total abundance of bacteria in each cry asction of the abundance of each taxon
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(Fi g. 6d) and calculated the corremponding

abundance of each taxon is positively correlated with the total abundance of bacteria per
crypt. However, these correlations diok hold for all crypt states and all taxa. For example,

the abundance @acteroidetess correlated to the total bacteria in each crypt overall and for
each state, but for Bacilli the correlation across the set of crypts is not reflected in significant

correlations for each state (Supplementary Information).
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Figure 7. Quantification of the spatial organization of bacterial colonies inside crypts(a) Maximal

intensity projections of the digital cresections (10 um) of two representative cesrgipts. Four taxa were

imaged: Bacteroidetes (red), and three taxa in the Firmicutes phylum: Ruminococcaceae (magenta),
Lachnospiraceae (cyargnd Bacilli (green). Nuclei of the epithelial layer of the crypt are colored in blue.
Bacteroidetes spanned tleagth of each colony, whereas Firmicutes remained near the luminal end of crypts
that was used as the spatial reference in our analysis. The red fluorescent signal outside the crypts was
considered an artifact of staining and was not included in thesésdhy Distributions of the center of mass of

taxa over the ensemble of crypts. Because each taxon was not found in every crypt, the number of crypts in each
distribution was differentn(= 57 (all taxa), 57, 48, 51, #3Viost Firmicutes were found betere the median
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center of mass and the luminal end of the crypt, whereas Bacteroidetes dominated the space between the
median and the bottom of crypts.

We also investigated whether the position of bacteria along the axis of crypts (perpendicular
to the plae of the mucosa) displayed order. We measured the vertical component of the
center of mass of each taxon inside each crypt, taking the luminal end of cavities as spatial
reference (Fig. 7a). We found that bacteria were distributed around a median dgpth of

15 um (Fig. 7b). However, each taxon was unevenly distributed arqumiks zshown
gualitatively in the digital crossections of two crypts (Fig. 7a),achnospiraceae
Ruminococcaceaeand Lactobacilli are physically segregated frorBacteroidetes
Firmicutesare clustered above, an most of crypts (84%, 83% and 74%), whereas
Bacteroidetesare found below zin 58% of crypts (Fig. 7b). We further quantified the
physical segregation of taxa inside crypts through the pairwise distance between the center
of mass of tax&6 0 (Fig. 7c). We calculatedd 0 in each crypt for the six possible pairs

of bacterial groups and plotted the resulting distribution over the ensemble of crypts. We

found that the mean distan®® 0 between Lachnospiraceae and Rumimoeseae, and
between these two groups and Bacilli was close to zero and smaller than the mean distance
between Bacteroidetes and the rest of the bacterial taxa. Moreover, the valtes afe
narrowly distributed around the mean ( o um), whereas thetandard deviation for the

other distributions is largeb@ pm , 7.4 um).

Discussion

This study presents a new approach to investigate the biogeography of the intestinal
microbiotain situ. By systematically reconciling 3D imaging and tissue clearing with
multiplexed staining of bacterial rRNA, we enabled the quantification of the coropasit

the mucosal microbiota with taxonomic and high spatial resolution. The large size of samples
in wholemount display enabled mapping of bacterial biofilms and aggregates over the scale
of centimeters to microns. This is an important capability beddesphysical and biological
interactions that shape the spatial structure of microbial communities take plaaerader

range of spatial scat¥s”®. We used these novel capabilities to find patterns in the spatial



3(
distribution of bacteria at multiple scales as well as strong statistical correlations between

the abundance of the members of these communities.

3D imagng on he scale of tissue samples (1 cm) showed that a great proportion of murine
cecal cypts are colonized by bactefiaand enabled the discovery that this colonization is
organzed in millimeterlong patches. Largscale imaging also showed that bacteria
colonize the surface of the ileal mucasigh density within specific areas where microbes
attach to mucus or to food particles that adhere to the tissue. Unlike the ileum and the cecum,
a large portion of the proximal colon was uniformly covered by layers of mucus and bacteria
that are analagus to the dual mucus leyobserved in the distal cofSnThe ability of our
method to image diverse materials on the surface of the intestinal tissue and to confirm
previous observations about the general organization of the microbiota showed that it is

effective at preserving the mucosa.

Multiplexed 3D imaging of bacteria at the scale of a single patch of crypts (1 mm) revealed

the spatial distribution of four dominant taxonomic groups. We found that bacteria populated
mucosal crypts in a way that enatblthe classification of these colonies into three different

states by the total abundance of bacteria: high (H), intermediasadl)ow (L). Positive

pairwise correlations in the abundance of taxa per crypt supported the observation that they
form a canmunity within individual crypts (Fig. 6a and Supplementary Fig. S6). However,

these correlations were of different strengths. The abundantacbhospiraceaeand
Ruminococcaceawer e hi ghly correlated (} = 0.94) a
corel ation of Bacil |l i 6Bactaddeteswdaasn chea |tfo atsh es tak
0.5). This is in agreement with the hypothesis that relations between the members of the
community are of different intensities. In line with this hypothesis, thength of
correlations between the abundance of each taxon and the total abundance of bacteria per
crypt indicated thaBacteroideteg ¢t = 0.94) had a stronger relation to the ensemble of
bacteria in each cr yuy0.88, 0/8 and0.668 Mardoverthe t hr e

strong correlation dBacteroideteso the total abundance of bacteria was maintained within
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each crypt state (L, I, H), whereas for Bacilli, correlations within each state were not

significant.

Within single crypts (100 um)he statistics of the distribution of bacteria showed that
LachnospiraceaandRuminococcaceagtrongly colocalized near the luminal end of crypts,

and that Bacilli accumulated in the same aloeia were distributed in a wider range around

Lachnospiracea@nd RuminococcaceaéAdditionally, Bacteroidetesoverlapped with all

taxg but were the only group capable of deeply colonizing crypts.

The evidence provided by the sequencing of bacterial 16S rRNA genes and the statistical
patterns in the spatial abundance of bacteria across multiple scales suggests a model for the
colonization of crypts in the healthy mammalian cecum. In this mBdekroidetesS247

would drive the colonization of crypts, as supported by its ability to penetrate crypts (Fig. 7)
and its strong correlation to crypt communities (Fig. 6d). Fanmfti@®inococcaceaand
Lachnospiraceaenight depend on each other to colonize crypts according to their highly
correlated abundance and position inside crypts (Fig. 6a and 7). In turn, the strong
correlations between these abundd&ntmicutes families and Bacteroidetes S247
(Suplementary FigS6), or the ensemble of bacteria (Fig. 6d), support the hypothesis of
interactions with the other members of crypt colonies. Finally, the correlation in the
abundance and location of Lactobacilli wittachnospiraceaeand Ruminococcaceae
(Supplementary Figre S6, Fig. 74¢) might indicate its dependence on the more abundant
Firmicutesor a shared niche, and would be in |in:
ensemble of crypt bacteria (Fig. 6d). The proposed model would be supported by the genetic
capacity ofBacteroidetes$$247 to thrive on plant and host glycans, and to mount immune
evasion strategies and tolerance to oxidative stress, enabling its survival iosiw c
neighborhood to the hd8t

A key componenof the method presented hagethe combination of sequenciof 16S
rRNA genes and technologies to multipiesitu hybridization Spectral imaging with linear
deconvolution was instrumental to disentangle the fluorescent emission from each taxon.

Like in 2D imaging of the microbiot&>, we anticipatehat spectral imaging will be an
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essential element in improved 3D methdassitive and specific multiplexed |lalveg of

diverse and dense bacterial colonvess possible by combiningff-the-shelf detection
probes against 1L6RNA and orthogonal signal amplification methods (HGR)ndreds of

in situ hybridization probes are availabfé® and can be tested a@gst the contiuously
improved rRNA databas¥s®. However, the continued expansion of theultiplexing
capacity of HCR, or of any othar situ hybridization scheme that is compatible with 3D
imaging, will be cruciato link the3D spatial structure of bacterial consortia to the potential

interactions between single speciestoains in native communities.

By virtue of its ability to find patterns in the s distribution of the mucosal microbiota at
multiple scales, we expect that the method presented here will be of general applicability to
generating testable hypotheses on the interactions within the microbiota and of the
microbiota with its environmenincluding the host. Our method may be a valuable tool in

the context of intestinal diseases in which the microbiota has a causative role, because it may
help pinpoint key microbes or interactions that are important for thiitgtabpathogenic
communiies’®, such as in colorectal cancer where the synergistic pathogenititctafria

is not understood y&t

Materials and methods

Sources and strains of laboratory mice

Intestinal tissue for sequencing and imaging was obtained from adult male SPF C57BL/6J
mice (The Jackson Laboratory, Sacramento, CA, USA). In the rearing facility at Caltech

SPF mice were housed four to a cage and given sterile food ancad/éiblgtum SPF mice

were sourced from the same room at the pro
sources of variability in the microbiota of mice. GF tissue for imagingotsned from a

male mouse from a colony of gnotobiotic mice with B6 background maintained at Caltech.

Tissue preservation and clearing for imaging
Tissue samples for imaging of the mucosal microbiota were prepared as detailed in the
Supplementary Matels and Methods. Briefly, all samples went through the following

treatments sequentially. (A) C57BL/6J mice of 20 weeks of age were euthanized through
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a transcardial perfusion of cold saline that cleared their vasculature of blood. (B) Tissues

were cut pen longitudinally and the bulk contents were cleared with sterile tweezers and the
gentle application of sterile PBS. (C) The clean tissues in wholent werefixed in 4%

PFA for ~ 1 h. (D)in an anaerobic chamber, tissues were floated for 15 min oal @afo
monomer mix so that the muscle side was facing up, while components of the mix could
penetrate the bacterial biofilms and other contents on the tissues. The monomer mix was
removed using a pipette and the sample was incubeB3d’& in an anaerobzhamber for

3 hto form the acrylamide gel layer at the gléssue interface. (E) The muscle side of tissue
samples was embedded in an acrylamide matrix without bisacrylamide. This step is
necessary to turn the tissue matrix into a hydrogel. Embedastedl 3 h, after which the
excess acrylamide mix was removed and the tissue was polymerized for 3 h at 37 °C. (F)
Tissue samples were removed from the glass slides with a sterikbladerand glued onto

a piece of semmiigid plastic. (G) After sampleseve turned into a hydrogel and before they
were passively cleared, we permeabilized bacteria according to the parameters prescribed by
the optimization of lysozyme treatment (Supplementary Materials and Methods). (H)
Permeabilized samples were enclosedissue cassettes and cleared for 4 d in 8% w/v
sodium dodecyl sulfate (SDS) in PBS, pH = 8.3 at 37 °C. SDS was vigorously stirred. SDS
was removed by washing in stirred 1X PBS for 2 d at 25 °C.

HCR staining of bacterial 16S rRNA

We designed HCR probes (flementary Tables $32) and used them to image the
location of total bacteria and specific taxa on intestinal tissue. The specific reagents and
treatments used for HCR staining are described in detalil in the Supplementary Materials and
Methods.

Imagingof tissues
a. Microscopy
In situimaging of the mucosal microbiota was carried out with an upright Zeiss LSM 880

laserscanning confocal microscope capable of spectral acquisition and of housing a
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CLARITY optimized longworking-distance objective. The olofeves and lasers used for

the acquisition at different scales are specified in the Supplementary Information.

b. Mounting medium

For imaging with a 5X objective, samples were mounted either in 1X PBS or in a refractive
indexmatching solution (RIMS) and-gtected with a coverslip to prevent evaporation. For
imaging with the refractivendex matched 20X objective, samples were always mounted in
RIMS. Samples were saturated in RIMS for at least 10h with gentle shaking before imaging.
We added a layer of immson oil on top of the pool of RIMS to prevent water evaporation
and maintain a constant refractive index during experiments (A&9XHectron Microscopy
Sciences, Hatfield, PA, USA). RIMS was prepafeitbwing an available protoctl We
substituted Histodenz by lohexol (CAS 661980, Janestic Co., Ltd, China). We
consistently obtained a solution with refractive indéx .46 according to measurements
with a digital refractometer (#13950000, AR2000, Reichert Analytical Instruments, NY,
USA).

Image processing and analysis
a. Computational image processing.

Image stacks of mucosal bacteria obtainethtsitu confocal imagig were visualized and
processed isommercial software (Vision4D 3.0, Arivis AG, Germany). A detailed account

of computational image processing is provided in the Supplementary Materials and Methods.

b. Statistical analysis of bacterial abundance andiapdistribution

The abundance of bacteria in each crypt was determined as the voxel count of probes
targeting each taxon and the abundance of each taxon across crypts was normatized by z
scoring the voxel count for each channetcoring allowed the cotgmbetween channels to

be more representative for the actual bacterial abundances. Individual crypts were treated as
a volumetric unit hosting the bacter@end HCA was performed to study the relationship (co
existence) of the species where both the crgpts bacterial taxa were clustered based on

their cosinesimilarities. The three most prominent branches of the clustered groups were
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chosen for further analysis and mapped back into the spatial context showing the

distributions of these crypt classes Imetintestines. -Histributed stochastic neighbor
embedding method -@NE) was further used for dimensiceduction to show the
relationship between the branches and the cosine pairwise distance metrics. Computations
were performed with a Hewleltackard Z80 Workstation with dual Intel Xeon EX30 v4

CPUs and 128GB of RAM on Microsoft Windows 10 Enterprise operating system.
MATLAB v. R2017b was used for the data analyses. In MATLAB, Bealues for

Spearmanés correl ati on tddasing pematatibn distrdouipns.e s i z
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Composition of acrylamide monomer mix

The following reagents were used for the preservation of exposed intestinal tissue:
Acrylamide solution 40% in water (#01697, Sigma Aldrich, Saint Louis, MO, USA), 2% Bis
(#1610142 Bio-Rad, Hercules, CA, USA), Paraformaldehyde 32% (#15,1Electron
Microscopy Sciences, Brisbane, CA, USA), Polymerization thermal initiator VA044
(#NC0632395Wako Chemicals, Richmond, VA, USA). The acrylamide monomer mix for
the protective gel layer on the mucosa requires the crosslinkacryiamide to become
rigid. The final concentrations of reagents for the gel layer were: 4% Acrylamide, 0.08% Bis
acrylamide, 4% Paraformaldehyde, 2.5 mg/mL VA044, 1X PBS. The final concentrations of
reagents for acrylamide embedding of the rest of the sample were: 4% Acrylanfide, 0.0
Bis-acrylamide, 4% Paraformaldehyde, 2.5 mg/mL VA044, 1X PBS.

Tissue preservation and clearing for imaging

To prepare tissue samples for imaging of the mucosal microBisTL/6J mice of 2021

weeks of age were euthanized and their GIT tissaegekted. Each mouse received an
intraperitoneal injection of 220 pL of a 10X dilution of the sedative FRita (Vortech
Pharmaceuticals, Dearborn, MIl, USA). Once a mouse was anesthetized, we performed
transcardial perfusion with sterile, iceld 1X PBSfor 20 min at a rate of-8 mL/min to
euthanize the mouse and clear its vasculature of blood. During perfusion, the exposed viscera
were kept wet with sterile 1X PBS, and covered with a small bag of ice. After perfusion, the
viscera were quickly reaved ad kept in a dry, sterilaube on ice. In a biosafety cabinet,
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the GIT was isolated from the mesentery, livend attached fat. The jejunum and
duodenum were also removed and discarded. To preserve the external muscle layer of the
intestines in its disteted form, we fixed the remaining GIT (from ileum to rectum) for 3 min
in ice-cold 4% paraformaldehyde (157#$4Paraformaldehyde 32%, Electron Microscopy
Sciences, Hatfield, PA, USAand then washed it in iemld 1X PBS for 3 min to stop
fixation. After fixation, the distal colon and the ileum were removed and discarded. The
cecum and the proximal colon were separated and kept in sterile containers on ice.

The cecum and the proximal colon were cut open longitudinally and the bulk contents cleared
with steile tweezers. The remainder of the GIT contents were removed by gently dripping
sterile, cold 1x PBS across the exposed surfaces. Any intestinal contents that remained
attached to the tissue surface after PBS treatment were retained. The proximal colon was
then cut into two segments. One contained all the folds and the other segment was a transition
from the cecum to the colon and contained no folds. The cecum tissue was split into four
segments: the end tip, the middle, the top left, and the top right.degment was placed

into a pool of PBS (0.5 mL) on a glass slide, which was contained by a silicon isolator
(#666503; Grace Bihabs, Bend, OR, USA) to keep the tissue in place and prevent tissue
desiccation.

Next, in a chemical safety cabinet, tissue glasfrom each mouse were put in a petri dish,
placed in an ice box, and fixed for 1 h by adding 1 mL ofcmd 4% paraformaldehyde

(PFA) to each PBS pool. We replacgnt 4% PFAvith fresh 4% PFA every 15 min. After
fixation, tissues were flipped ovento the pool of 4% PFA (so that the muscle side was
facing up). To increase the volume of the pools in which the tissues were submerged, we
stacked onto each slide an additional two silicon isolators. We added more 4% PFA, covered
each pool with a siliam membrane to avoid evaporation, placed them in Petri diahds
transferred the slides into an ice box. The ice box was then placed in an anaerobic chamber
along with the bisacrylamide monomer mix (Supplementary Materials and Methods). In the
anaerobicchamber, we removed the 4% PFA in which the tissues were flpaiuly
substituted it with 2 mL of the monomer mix. The tissues were left in the monomer mix on
ice for about 15 min so that the components of the mix could penetrate the bacterial biofilms
and other contents on the tissues. The monomer mix was removed using a pipette and
substituted with 1 mL of fresh mix. Finally, we removed 900 uL. We covered the pools with
plastic membranes (#664475; Grace-Babs), and added a Kimwipe imbibed with PBS to
maintain the humidity in the petri dish. We sealed each petri dish with parafilm and put all
the Petri dishes into an incubator set to 37 °C in the anaerobic chamber for 3 h to allow the
acrylamide layer to form at the glagsssue interface. We removecetRetri dishes from the
incubator and the anaerobic chamber and added a few droplets of 1X PBS onto each tissue
to keep them humid. The Petri dishes were refrigerated (4 °C) overnight. The next day, the
Petri dishes containing the tissue samples werenpaubiox with ice and brought back into

the anaerobic chamber, where each tissue was embedded in an acrylamide matrix without
bisacrylamide. This step is necessary to turn the tissue into a hydrogel. Embedding lasted 3
h, after which the excess acrylamidixrmvas removed and the tissue was polymerized for 3
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h at 37 °C. The tissues were taken out of the incubator and the anaerobic chamber, and
stored at 4 °C with a few droplets of sterile PBS.

Tissue samples were removed from the glass slides with a stadleblade and glued
(Gluture 503763; World Precision Instruments, Sarasota, FL, USA) onto a piece -of semi
rigid plastic (Polypropylene film 1603646510; Crawford Industries, Crawfordsville, IN,
USA) that was previously cleaned of RNAse (RNaseZap, AM97BtermoFisher
Scientific), sterilized with 70% ethanol, and treated with oxygen plasma for 3 min to enhance
adherence.

After samples were turned into a hydrogel and before they were passively cleared, we
permeabilized bacteria according to the parametezscpbed by the optimization of
lysozyme treatmerfor HCR. Samples were prmcubated in 10 mM Tri$iCl (#AM9856,
Invitrogen, Carlsbad, CA, USA) for 1 h at room temperature, then treated with lysozyme at
a concentration of 5 mg/mL in 10 mM T#4Cl, pH =7.9, at 37 °C for 7 h for thin samples
without much materials left on their surface, and for 13h for samples with abundant contents
left on their surface. Lysozyme treatment was stopped by washing excess enzyme overnight
in 1X PBS at room temperatweth gentle shaking. Permeabilized samples were enclosed

in tissue cassettes and cleared for 4 d in 8% w/v sodium dodecyl sulfate (SDS) in PBS, pH =
8.3 at 37 °C. SDS was vigorously stirred. pH was adjusted daily. SDS was removed by
washing in 1X PBSwith stiring for 2 d at 25 °C. Total DNA was stained with DAPI (3
pg/mL in PBS) for 1 d. Host mucus was stained by submerging samples in a solution of
WGA in 1XPBS at a concentration of 50 pg/mL.

Distal ileum samples were obtained from-e@nthold C57BL/6J malanouse and were
processed similarly to tissues from the cecum and proximal colon.

HCR staining of bacterial 16S rRNA

To fluorescently tag 16S rRNA transcripts from mucosal bacteria, we incorporated HCR
labeling of RNA to the workflow. HCR is executed in tvatages: detection and
amplification. In the detection stage, one or multiple HCR probes hybridize to homologous
RNA transcripts. In the amplification stage, a unique initiator sequence encoded in each
probe selectively hybridizes to matching DNA hairpairg. The HCR seeded by the initiator
sequence concatenates the matching fluorescently labeled hairpins into a long double
stranded DNA molecule. Independent probes and orthogonal hairpins enable multiplexed
fluorescent labeling of RNA markers.

We designedHCR probes (Supplementary Tables$&) and used them to image the
location of total bacteria and specific taxa on intestinal tissue. We used the eubacterial probe
eub338B4 and B4Cy3B hairpins. Samples were grgbridized in a solution of 2xSSC
(#Vv4261,saline sodium citrate, Promega Corp., WI, USA) and 10% dextran sulfate sodium
(#D8906, Sigma, MO, USA) for 1 h at room temperature. Next, we treated samples for 16 h
at 46 °C in a buffer consisting of 2xSSC, 10 %w/v dextran sulfate sodium, 15% formamide
(#BP227100, Fisher Scientific, NH, USA) and probe eukB38&t a final concentration of
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10 nM. The unbound probe was washed off for 1 h in a solution of 2xSSCT (2xSSC, 0.05
% Tween 20) and 30% formamide, followed by another wash in 2xSSCT for 1 h. Samples
were preamplified in 5xSSCwith 10 % w/v dextran sulfate for 1 tDuring pre-
amplification the required amount of hairpins wasatshocled (90 s at 95 °Gind cooéd
down to room temperature (at least 30 min in the dark). The amplification step was carried
out in a buffer that consists of a solution with 5xSSC, 10 % w/v of dextran satfdte final
concentration of 120 nM of each hairpin (B43B-H1, B4Cy3B-H2). The amplification
reaction lasted @0 h at room temperature in the dark. Hairpins that did not participate in
the reaction were washed out in 2xSSCT for at least 1 h at room temperature with gentle
shaking.

Multiplexed fluorescent labeling of 16S rRNAiscripts of mucosal bacteria by HCR was
executed analogously to the monochromatic staining. However, becausespiaxdit

probes have different melting temperatures, hybridization reactions were executed over 3 d,
starting with the probes that requirée highest formamide concentration and finishing with

the probes that required the least formamide. Because the detection sequence cfb560 is
degenerate and usually produces a low signal, we only considered the sequences (cfb560a,
cfb560b) that target bacta we found through sequencing. Hybridization reactions were
scheduled as follows: mucl4B4 and the suite Igc354ac-B5 on day one (10%
formamide), clept12483 on day two (5% formamide), and cfb56B3, cfb5606B2 and
lac435B1 on day three (0% formade). Samples were pigybridized in a solution of
2xSSC (#4261, saline sodium citrate, Promega Corporation) and 10% dextran sulfate
sodium (#D8906, Sigma) for 1 h at room temperature. Next, samples were treated for 16 h
at 46 °C in a buffer consisting 2kSSC, 10 %w/v dextran sulfate sodium, formamide at the
specified concentration (#BP227100, Fisher Scientific) and each probe at a final
concentration of 10 nM. Unbound probes were washed off for 1 h in a solution of 2xSSCT
(SSC with % Tween 20) and 30%rifmamide, followed by another wash in 2xSSCT for 1h

(or 3 h for the last wash on day 3). Probe clepti2d@vas used at a 2X concentration
because it has one degenerate base. After all probes were hybridized to samples, the
amplification stage was carriemit in a single step. HCR hairpin pairs were assigned to
fluorophores as follows: BA514, B2A647, B3A594, B4Cy3B, B5A488. The
amplification buffer consisteof a solution of 5xSSC, 10% of dextran sulfate and 120 nM of
each hairpin. The amplificatioraction was run for 20 h at room temperature in the dark.
Hairpins that did not participate in the reaction were washed out in 2xSSCT for 4 h at room
temperature with gentle shaking.

HCR probes were ordered as individual 250 nmol scale DNA oligos pubyietandard
desalting (Integrated DNA Technologies, IA, USA). Hairpins were ordered from Molecular
Instruments, a Caltech facility within the Beckman Institute. All the solutions were made
with DNase/RNaséree distilled water (#10977023, Invitrogen).
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Meda for bacterial culture

The following media were used to culture bacteriarforntro assaysEscherichia colwas
cultured in LB media (LB Broth, #240230, DifcBgecton, Dickinson and CompaniJ,
USA) and LB agarClostridium scindensvas cultured in anix of 50% Shaedler media
(#cm0497, Oxoid, fiermoFisher, Waltham, MA, USAnd 50% MRS media (Lactobacilli
MRS Broth, #288130, Difco), and in Schaedler agactobacillus AN1Qvas cultured in a
mix of 50% Shaedler media and 50% MRS media, and in MRS Bgeteroides fragilis
and Faecalibacterium prausnitziivere cultured in LYBH media (brairheart infusion
medium supplemented with 0.5% yeast extract, DifcordiietJSA), and in LYBHI agar.

Tissue harvesting for sequencing

Four 4monthold adult mice wereuthanized by CO2 inhalation according to protocols and
guidelines of the Caltech Institutional Animal Care and Use Committee (IACUC). The
gastrointestinal tract, from the stomach to the rectum, was dissected and stored in a sterile
container on ice. Theecum of mice was cut open with sterile instruments on anaice

sterile surface inside a biosafety cabinet. The bulk of cecal contents was removed with sterile
tweezers, stored in sterile tubes, and kefg2@t'C. The cecal tissue was kept flat on a col

and sterile surface while it was cleaned with-dobd and sterile 1X phosphateiffered

saline. PBS 1X was obtained from a 10X dilution of phosphate buffered saki{€ahing,
46-013CM) in UltraPure DNase/RNaderee Distilled Water (10977023; TherFRisher,
Waltham, MA, USA). After removing contents from the cecum, the cecal mucosa was
harvested by scraping it with sterilized microscopy glass plates. Samples were stored in
sterile tubes at20 °C. Cecal contents and tissue scrapings were sent to Rgsearch
(Irvine, CA, USA) for 16S rRNA gene sequencing and bioinformatics analyses.

Optimization of lysozyme treatment for HCR
Preparation of acrylamide gg@lads with embedded bacteria

Bacteria were cultured to exponential phase at 37 °C in anaerotdtia@os. From this
culture, a dense (20L0Y cells/mL) suspension of cells was prepared in PBS. This
suspension was spiked into the monomer mix with bisacrylamideQgse®osition of
acrylamide monomer njixo the final cell density of ~ 5 x 18ells/mL. The mix of monomer

and cells sat on ice for 15 min before being dispensed into pools made of silicone isolators
(23 mm diameter x 0.8 mm depth; #666507; Grace BioLabs) glued to microscope slides. We
pipetted 106 pL into each pool, and polymedizt 37 °C for 3 h in anaerobic conditions.

The next day, the original silicone isolators were replaced with larger ones (20 mm diameter
X 2.6 mm depth; #666304; GraB& Labs). The new pools with the gels were filled with a
monomer mix with no bisacrylade (seeComposition of acrylamide monoresnd
incubated on ice for 3 h in anaerobic conditions. Next, the monomer mix was removed and
the gels were polymerized at 37 °C for 3 h in anaerobic conditions. Bacteria in the gel pads
were predigested in lysozynbuffer (10 mM Tris, pH=8.0) at room temperature for 1 h, and
then digested with lysozyme (1, 2.5 or 5 mg/mL lysozyme in 10 mM Tris, pH = 8.0) at 37
°C for 6 h. Lysozyme was washed away with PBS at room temperature overnight. The gel
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pads were cleared Wi8% SDS in 1xPBS, pH = 8.3, at 37 °C for 2 d following a 1x PBS
wash at 25 °C for another 2 d. Bacteria were hybridized with a eubacterial HCR probe
(eub338B5) in hybridization buffer (Materials and Methods) with 15% formamide and
amplified for 16 h (Magrials and Methods). Finally, DNA was stained with DAPI (5 pg/mL)
overnight.

Imaging of gelembedded bacteria

Gel pads were mounted in 1x PBS and imaged with an uprightsesening confocal
microscope (LSM880, Carl Zeiss AG, Germany) using a-lwatking-distance water
immersion objectiveW Plan Apochroma20X/1.0 DIC Korr UV Vis IR, #421453700;

Car | Zeiss AG). FIl uorophores were excited
nm. Imaging settings were the same across all gel pads. Images meesspd in
commercial software for 3D image analysis (Imaris, Bitplane AG, Switzerland). Cell
surfaces were identified by their fluorescence in the 405 nm channel. Finally, for the
identified cells, mean cell fluorescence intensity in the 488mmnnel vas computed.

Results

The Grampositive bacteriun€lostridium scindenwas efficiently permeabilized in gel pads
subjected to the treatment of 5 mg/mL of lysozyme (FigR@bTo assess whether lysozyme
treatment may affect HCR staining of Graegative kcteria, a lysozyme treatment
optimization experiment was carried out using the model Gregative bacterium
Bacteroides fragilisExponential phasB. fragilis cells were embedded into acrylamide gel
pads, treated for 6 h with four concentrations ofdysee (no lysozyme control, 1.0 mg/mL,

2.5 mg/mL, and 5.0 mg/mL) and cleared with 8% SDS for 2 d. 16S rRNA was stained by
HCR using universal detection probe eub338, and DNA was stained with DAPI. Bacteria in
gel pads were imaged in a confocal microscty$M 880, Carl Zeiss AG) from the surface

of the gel down to 600 pm into each gel. Confocal images and the results from image analysis
are shown in Supplementary Fig. S1. A 3D rendering of confocal images in the DAPI channel
(Supplementary Fig. Sla, Si1d,gSand S1j) shows that DAPI staining did not require
permeabilization of the peptidoglycan layer, justifying the choice of using the DAPI channel
to define the surface of bacterial cells. When lysozyme treatment was omBitfeailis

cells at the surfacef the gel were stained poorly by HCR (Supplementary Fig. S1b). Image
analysis was in agreement with these visual inspections; ECDF curves shifted progressively
to higher Signal/Background with depth (Supplementary Fig. S1c). Across alhi@fick

slices, a substantial fraction of cells (>20%) were fainter than the set background value
(Supplementary Fig. S1c). The lowest lysozyme concentration (1 mg/mL) was sufficient to
improve HCR staining d. fragilis(Supplementary Fig. Sif¢ Although cells athe surface

of the gel pad appeared brighter, >99% of all cells across the entire 600 um were brighter
than the set background value (Supplementary Fig. S1f). Lysozyme concentrations 2.5 and
5.0 mg/mL did not deteriorate HCR staining (Supplementary Figi 8&td S1kl). These

results showed that a treatment ®fmg/mL of lysozyme for 6 h pmeabilized the
peptidoglycan layer of Graspositive and Grarmegative bacterial cells; thus, we used this
treatment as a reference forsitu experiments.
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In vitro assays to find formamide concentrations for stringent hybridization of taxon
specific HCR probes, as well as to quantify their sensitivity and specificity

We created ain vitro assay to determine the adequate formamide concentration for the
hybridization of each HCR probe to its ideal target (Supplementary Table S1 and
Suppl ementary Fig. S3a), as we l | as t o
(Supplementary Fig. S3b)h& assay consists of regularly spaced shallow acrylamide gels
on a glass slide. Bacteria are embedded in the gels, which are then surrounded by individual
silicone wells.

Preparation of bacteria embedded in shallow acrylamide gels

Bacteria were grown anaically at 37 °C to OD600 0.R.24 from overnight cultures (see
Media for bacterial culturg Cultures were pelleted and resuspended in a preparation of gel
mix with bisacrylamide (se€omposition of acrylamide monomer jnixn anaerobic
conditions, 3.8uL of the acrylamide with bacteria were pipetted into each well of a
SecureSeaaging spacer (#470352; Grace BioLabs) that had been glued to a clean glass
slide. Wells were sealed with a silicone membrane (#664475; GradeaBg). The slide

was flippedupside down for 5 min so that bacterial cells could settle on the surface, and then
the slide was placed in a sealed petri dish and placed in an anaerobic incubator for 2 h at 37
°C. Once gels solidified, a silicone isolator (#665101; Grace BioLabs) vdasl &0l each

slide to create a pool around each gel. Next, bacteria were treated with a solution of 1 mg/mL
lysozyme in 10 mM Tris balanced to pH = 8 for 2.5 h at 30 °C. Gels were washed twice with
1x PBS for 10 min and 30 min. In agreement with clearinthaus, the glass slide was
submerged in a solution of 4% SDS in 1x PBS at 37 °C for 2 h. The silicone wells were
removed and the SDS solution was gently rinsed with 27 °C 1x PBS. Slides were further
washed in 1xPBS for 10 min and overnight at room temperablides were dried out and
another silicone isolator was applied around gels. Probes were hybridized in 2x SSC (saline
sodium citrate) with 10% dextran sulfate60% formamide, and final probe concentration

of 10 nM. The hybridization buffer was piped into the silicone isolator wells, covered with

a hybridization film(#716024; Grace BioLabsand put in a sealed petri dish. Glass slides
were incubated at 46 °C for 12 h. Unbound probes were washed three times with 2x SSCT
(2x SSC, 0.05% Tween 20@ 30% formamide for 10 min. Three additional 10 min long
washes were done in a buffer of 2x SSCT.

In the amplification step, hairpins were hehbcked at 95 °C for 90 s and cooled down at
room temperature for 30 min. Gels were covered with the amphirchuffer of 2x SSC,

10 % w/v dextran sulfate and hairpins to a final concentration of 120 nM, and covered with
a hybridization film. The amplification reaction was carried oubain temperature for 12

h. Unbound hairpins were washed out in a solutf@x&SCT three times for 10 min. Three
additional 16min-long washes were done in a buffer of 2x SSC. Finally, bacterial DNA was
stained with DAPI for 1 h, followed by a 30 min wash in 1x PBS. Slides were dried out and
another imaging spacer was applieduad the gels (#654008; Grace BioLabs). Gels were
mounted in 1x PBS and covered with a glass coveBdipteria on the upper surface of the
gels were imaged with an eihmersion objective (Plan Apochromat 63X/1.4 Oil DIC,
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#4207829900799; Carl Zeiss Agin an upright confocal microscope (LSM 880, Carl
Zeiss AG).

Formamide curves

We next established the range of formamide concentrations that would yield stringent
hybridization of taxorspecific HCR probes. Two slides of gels were prepared for eggt tar
bacterium (Supplementary Fig. S3a). One slide was used to quantify the efficiency of
hybridization for concentrations of formamide in 15% steps fre80 @6. The second slide

was used to refine the coarse measurements in 5% steps around the maxineucoarfse

curve. Each slide was prepared once. We obtained one stack of images from each gel.
Stringent hybridization was obtained around the concentration of formamide that produced
the strongest average fluorescence.

Sensitivity and specificity of tax@pecific HCR probes

To quantify the sensitivity and specificity of taxspecific HCR probes, one mu#ipecies

glass slide was prepared for each tested probe (Supplementary Fig. S3b). Hybridization was
carried out ad formamide concentration within the intervals prescribed by the formamide
bar plots §am42a: 5%, eco630: 10%, lac435 0%, Igc354: 5%, €b6%, lab158 10%,
clept1240 0% (Supplementary Fig. S3ach hybridization experiment was carried out in

one gelOne stack of images wasquired foreach gel.

Image Processing

Images were analyzed using commercial software (Imaris, Bitplane, Belfast, UK). Image
stacks were 3Bendered and surfaces were created over individual bacteria using the
fluorescent signarbém the DAPI stain. Because bacterial DNA is found throughout the cell,
surfaces derived from DAPI fluorescence encompass entire cells. For each cellular volume,
the software computed the average fluorescent intensity for two channels: the eubacterial
chamel (eub338B5/Alexa488) and the channel fartaxorspecific sequence (B4/Cy3B).
Formamide plots (Supplementary Fig. S4) were obtained by plotting the mean and standard
deviation of the fluorescence intensity in the Cy3B channel for each concentration of
formamide.

To quantify the sensitivity and specificity of taxepecific probes (Fig. 5b), images were
processed as described in the previous paragrgph.each prohenve set a fluorescence
detection threshold such that 85% of the ideal target bacterasaetected (e.g., the lac435
probeds i d@ acindemsdar gachtnoimieal target (for example lac435 should
not targeB. fragilisalthough it may bind to a small number of cells)-tafget hybridization

is quantified as th&action of bacteria above the fluorescence detection threshold.
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Acquisition, processingand analysis of in situ imaging

Objectives and laser wavelengths

For largescale acquisition, we used either of two objectives: -Rleofluar 5X/0,15
(#440320, Cd Zeiss AG), or EC PlaiNeofluar 5X/0.16 (#420330901, Carl Zeiss AG).

For imaging at 20X magnification, we used one CLARITY optimized objective with an
adjustable correction collar for compensation of spherical aberrations: CiN&tdluar
20x/1.0 Cor nd=1.45 M32 85mm (#42148870-000, Carl Zeiss AG). Fluorophores were
excited with laser light of the following wavelengths: 405 nm, 488 nm, 561 nm, 633 nm.
Spectral acquisition was used only for imaging samples with multiplexed HCR.

Imaging of the hosmicrobiota interface in the proximal colon

In one sample of the proximal colon (Supplementary Fig. S5), four areas corresponding to
the tops of intestinal folds were imaged (Materials and Methods). The resulting image stacks
contained three channels: ove DNA (DAPI), one for bacteria (HCR staining), and one for
mucus (WGA lectin). To quantify the thickness of the layers of mucus at the top of intestinal
folds, image stacks were 3D rendered in a commercial software (Vision4D 3.0, Arivis AG,
Germany). Nextthe maximum intensity projections of two digital cross sections (7 um),
along and across the longitudinal axis of the folds, were obtained. The thickness of the
internal mucus layer was measured (n = 85) from the edge of the epithelium to the edge of
theinternal mucus layer. The thickness of the external mucus layer was measured (n = 75)
from the end of the internal mucus layer to the bright edge of the external mucus layer (Fig.
3b).

Linear unmixing of spectral imaging

Computational linear unmixgof spectral imaging was performed to determine the relative
contribution from each fluorophore for every pixel of in situ multiplexed imaging of bacteria.
Linear unmixing requires the emission spectrum of every fluorophore that was employed in
the stainng of samples including DAPI and the suite of Alexa fluorophores of HCR. Spectra
were acquired independently but in similar opticahditions as described in our situ
imaging of bacteria. We used E. coli bacteria embedded in thick acrylamide gelsithat
prepared with the procedure described in
(Supplementary Materials and Methods). Two gels efb3 diameter were split into six
smaller gels that were taken through our standard HCR protocol. Each gel waithias
hybridized with a different probe. Each HCR probe consisted of the eubacterial detection
sequence eub338 and a different initiator sequence. Each initiator sequence matched a
different hairpin/fluorophore set. Probes: eub®38(A514), eub338B2 (A647), eub338

B3 (A594), eub338B4 (A546), eub338B5 (A488) and eub33B4 (Cy3B). Bacterial DNA

was not stained with DAPI. The emission spectrum of DAPI was acquired directly from the
tissue samples. Gels were mounted in a RIMS solution with n ~ 1.4§ingnof bacteria in

gels was carried out using a laseanning confocal microscope with parallel spectral
acquisition (LSM880, Carl Zeiss AG), and with the same objective as imaging of tissue
samples (Clr PlaiNeofluar 20x/1.0 Corr nd=1.45 M32, Carl Z&i&G). We extracted the

N
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spectral references from the imaging of bacteria using commercial software (Zen 2.3 SP1,
Carl Zeiss AG). Finally, the spectral references and the same software were used to perform
linear unmixing of in situ images.

Multiplexed imaging of cecal crypts

Multiplexed confocal spectral images of cecal mucosa at 20X magnification were taken
through linear unmixing (Materials and Methods) and analyzed computationally to measure
the abundance and location of bacterial tagh Were labelled by HCR. The resulting data
files contained image stacks with seven channels. Five channels corresponded to the
probe/fluorophore pairs that were used in HCR (lcg354/A488, lac435/A514,
mucl1437/Cy3B, cleptl240/A594 and cfb560/A647), one wblarorresponded to the
fluorescent DNA marker DAPI, and one channel stored pixels that were not assigned to any
of the other six channels in linear unmixing and thus captured undefined content. Image
stacks were uploaded to commercial software Vision4Bigw4D 3.0, Arivis AG) and

saved in the nativsisformat. Because tissue was sometimes not completely parallel to the
plane of imaging, image stacks were rotated so that crypts were approximately aligned with
the spatial z axis. Rotated stacks were cropped manually to remove areas without data.

The spaal analysis included ~60 crypts from three fields of view obtained from one cluster

of crypts in a sample of the cecum. The internal volume of crypts was segmented manually
using the ADraw Objects Tool.0 TheDAPANnual s
channel, which showed the location of nuclei on the epithelial wall of crypts. To restrict the
analysis to bacteria inside crypts, we used the segmented internal volumes of crypts as a
mask on the channels with HCR staining (i.e., the fluoresceteesity value of voxels

outside crypts was set to zero in the five HCR channels). Next, bacterial channels were
segmented with an Alntensity Thresholdo fil
or group of bacteria in each channel (a sedjneas defined as a set of contiguous pixels

with intensities that fell within a range (minimum and maximum bounds, hereafter Min and

Max) where at least one pixel had an intensity equal to a core value (required core intensity,
RCI). To guide the definitin of parameters (Min, Ma&and RCI) we measured the intensity

of a subset of pixels in each channel throughout every stack and defined RCI as the mean of
pixel intensities, and Min as the difference between the mean and the standard deviation of
intensites. Max was set equal to the maximum intensity of bacteria in the channel. Next, we
filtered out segments that were 018 voxels
curation to remove segments that were not likely to be bacteria due to thendsiaesdion.

Finally, to determine which bacterial segments were located within eachveeygimbined

al | bacteri al segments into a single |ist
Bacterial segments wer e crualgsegnentedayptswwee A Sub
used as fiReferences. o0 The AColocalization N

completely within the AReferenceso (crypts
crypt-specific assignment were stored & émd of the pipeline. The final result of the image
processing pipeline is shown in Supplementary Video S4.
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The Al ntensity Thresholdo filter produced |
fields of view. Because we used the center of mass ofesggno measure their location, we
were at risk of losing spatial resolution in the location of bacteria along the crypt. To maintain
high spatial resolution, we split the bacterial segments manually so they each spanned less
thanx 10 um and then perfornk t he A Col ocali zation Measur
exported the identity (imaging channel), volume (voxel count), center of mass (z coordinate
in um), and first/last plane of all segments (bacteria and crypts) into a MATeA@able
file. From this outputye obtained the abundance (voxel count) of bacteria for each crypt, as
well as the position (center of mass) of each bacterial segment in the framework of the
corresponding crypt. The spatial reference z = 0 um in each crypt was set at the luminal end
of the crypt segment. We obtained the abundance and position of bacteria in 59 crypts. Two
crypts surpassed the average abundance per crypt by one order of magnitude, therefore they
were considered outliers and excluded from further analysis.

The relationshp between the abundance of bacterial taxa (voxel count) across the ensemble

of examined crypts was analyzed in two ways. We used a hierarchical clustering analysis
over the zscored abundances of each taxon in each crypt (Materials and Methods), and we
cacul ated the Spearmandés correlation betwee
crypt (Supplementary Fig. S7). Both analyses showed that the correlation between the
abundance of Ruminococcaceae and Lachnospiraceae is the strongest across crypts.

Controls for in situ HCR

We performed HCRn situ to quantify the intensity of fluorescence due to nonspecific
detection and amplification (Fig. 2d). We used an HCR probe with a nonspecific eubacterial
detection sequence (non338) (Supplementary Table Siherissue sample from the
proximal colon of a mouse with a microbiota (specific pathogen free, SPF), and an HCR
probe with a eubacterial detection sequence (eub338) on one tissue sample from the proximal
colon of a gerrfree (GF) mouse. The HCR reactionsthese control experiments followed

the same steps as the procedure to stain mucosal bacteria with a single eubacterial probe.
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Figure S1 Lysozyme treatment optimization usingBacteroides fragilisas a model Gramnegative

bacterium. ExponentialphaseB. fragiliswas embedded into four acrylamide gel pads and each pad was treated
with lysozyme at a different concentratiaad, no-lysozyme controld-f: 1.0 mg/mL for 6 hg-i: 2.5 mg/mL

for 6 h, and-l: 5.0 mg/mL for 6 h). HCR was used to stain 16S rRNA using a eubacterial detection sequence
(a, d, g, j)and DAPI was used to stain DNA, (e, h k). In each gel pad, one field of view was imaged from

the surface of the gel down to 600 um. Image stagk® binnedn 100 um slices by depthin each bin,
empirical cumulative distributions functions (ECDF) of HGRinedB. fragilis(c, f, i, ) were computedCell

surfaces were defined by setting a threshold in the DAPI channel, and mefimooedicence in the HCR
channel was computed for each cell. Cells were binned into siarhOick slices by depth. For each slice,

the ECDF of the signal/background ratio was plotted. Signal was defined as the mean cell fluorescence intensity
in the HCRchannel, and background was defined as the 99th percentile of voxel fluorescence values in the
HCR channefrom a control gel pad with nbacteria. A given ECDF value on the curve corresponds to the
fraction of cells having a signal/background ratio lessitor equal to the signal/background ratiecgfed on

the horizontal axis.
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Figure S2. Empirical cumulative distributions functions (ECDF) of HCR staining of Bacteroides fragilis
over entire image stacks (600 um deepRacteria were embedded in fouurdamide gel pads, each treated
with a concentration of lysozyme (0.0, 1.0, 2.5, or 5.0 mg/mL).
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Figure S3. Experimental workflow to obtain the formamide hybridization curves (Supplementary Figure

S4) of HCR probes with taxonspecific detection sequences (Supplementary Table S1&) Each target

bacterium was embedded in shallow acrylamide gels, subjected to a sequence of treatments analogous to the in
situ method, and treated with a range of formamide concentrations to determingntlaé apncentrations for
stringent hybridization to the bacteriumds specific
reactivity of HCR probes, target bacteria were embedded in shallow acrylamide gels and subjected to a sequence

of treaments analogous to the in situ method. The results of these experiments are presented in the main text
(Fig. 5b).
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Figure S4. Formamide bar plots for the hybridization of taxonspecific HCR probes to their ideal targets
(Supplementary Table S1)Fromthese plotswe estimated the range of formamide concentration to use in the
detection step of HCR as follows: gam42d:8%, eco630: 1:05%, lac435 a.0%, lgc354: 610%, cfb560: 6

5%, lab158 a10%, clept1240-1.0%. For the eubacterial detection sequent323 we used 120% and for
muc1437we used 10% formamide.
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Figure S5. Largescale imaging of the proximal colon and the distal ileum. (aMaximum intensity
projection of tiled images from the proximal colon of an adult mouse. DNA (blue) was statinéAPI, and

mucus (green) was stained with wheat germ agglutinin lectin conjugated to A488 fluorophore. Bacteria were
stained by HCRbut were not imaged at low magnification in this sanmfie image was obtained by stitching
together multiple fieldsf view acquired at 5X magnificatioihe folded topography of the proximal colon is
clearly visible near the distal end of the sample, which was not covered by, butauerely contained a large
mucus thread. The proximal side of the sample was originally covered with luminal contents; these were
carefully removed before the application of our method, however some contents remained. Scale bar: 5 mm.
(b) Maximum intengty projection of tiled images from the distal ileum of an adult mouse processed by our
method. DNA (blue) was stained with DAPI, mucus (green) was stained with wheat germ agglutinin lectin
conjugated to A488 fluorophore, and bacteria (orange) were staindé@R with a eubacterial probe (eub338).

The image was obtained by stitching together multiple fields of view acquired at 5X magnification. Particles
and materials that adhered to the tissue during cleaning were retained.A-&b#idicate conglomeraseof
bacteriacolonized food particles, muclend biofilms that adhered to the ileal epithelium. Scale bar: 5 mm.
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Supplementary Video Captions

Supplementary Video S1.3D imaging of bacteria in clarified tissues enables the quick exploration of the

diverse spatial distribution of bacteria with respect to the host3D rendering (volumetric) of confocal
imaging (20X) of bacteria (red, eub338 datatsequence) on the cecal mucosa (blue, DAPI staining of DNA).

For ease of visualization, the rendered volume is digitally sectioned acro3sYhed K,Z) planes. The

volume is built sliceby-slice starting from the mucosa below the crypts to thetuand shows that bacteria
reached very deep inside some crypts (for example at (X,Y) = (125, 225) ), and that crevices that ran across
some crypts, for example the string of crypts betweerp®0 X 450 um enabled the formation of larger
colonies tharn crypts that are isolated (for example at (X,Y) = (25, 350)). Finally, the volume is sliced digitally
along theY axis to show that bacteria occupy the luminal and crypt space heterogeneously. Although some
crypts were colonized from the top to the botf other crypts only had bacteria in the luminal space above the

crypts.

Supplementary Video S23D imaging of bacteria in clarified tissues enables the preservation of the rich
bacterial colonization at the hostmicrobiota interface of the colon.3D rendering (maximum intensity) of
confocal imaging (20X) of the hesticrobiota interface at the murine proximal colon. 3D rendering showed
that bacteria (red) were mixed with mucus (green) in a distinct layer above the colonic mucosa (blue, DAPI
stainhg of DNA). Large mucus threads were clearly observed inside the microhicizs layer. For ease of
visualization, the rendered volume is digitally dissected-blieslice across theX(Z) plane, first without and

then with the mucus layer on display.€Tthin layer of mucus that divided most bacteria from the epithelium
was variable in width and allowed bacteria to reach the epithelium. At time 16 s, bacteria are seen inside a crypt
(Fig. 3b) on the right of the image. Although the layer of bacteriadease, it was discontinuous. Mucus of
various densities (as per the intensity of mucus staining) support and segregate bacteria within the layer.
Notably, dense mucus threads seem to be impenetrable to bacteria.

Supplementary Video S3. 3D imagingf bacteria in clarified tissues uses multiplexed HCR labelling of
bacteria and spectral imaging to provide taxonomic resolution to the spatial order of complex
communities. 3D rendering (volumetric) of spectral imaging (20X) of multiplexed HCR labellirigacteria

after linear unmixing. Five channels with bacteseecific HCR staining (red, magenta, yellow, gyand

green) and one channel for DAPI staining of DNA (blue) are shown simultaneously. For ease of visualization,
the rendered volume was digifesectioned across th¥ Y) and ¥,Z) planes. The volume was built slibg-

slice from the mucosa below the crypts to the lumen to qualitatively show that crypts of similéuosieel
different amounts of bacteria. The cfb560a/cfb568647 channel diplayed a strong signal from outside the
crypts. However, this was likely an artifact of autofluorescence. Finally, the volume was digitally sliced along
theY axis to show that different taxa displayed a distinct spatial distribution as discussed ainttexi{Fig.

7). Bacteroidetes colonized the full extent of crypts, whereas Firmicutes accumulated around the ypper ~15
layer of each crypt.

Supplementary Video S4. Computerized image processing of 3D imaging of bacteria in clarified tissues
enablesthe simultaneous,n situ quantification of the components of crypts3D rendering (volumetric) of

the host mucosa (blue) obtained by confocal spectral imaging (20X) is superimposed to the segmented bacterial
channelsProcessing and analysis of gitu imaging and to one segmented crypt. The analysis of the spatial
order of bacteria was restricted to bacteria inside crypts. This video shows the same field af inew
Supplementary Video S3.
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Supplementary Tables
Table S1 Detection sequencgin HCR probes and their ideal bacterial targetsHCR probes were designed

by concatenating the desired initiator sequence (Supplementary Table S2) to the 3' end of a detection sequence.
The names of the detection sequence and of the initiator sequecocaeatenated to designate the HCR probe.

Name of | Detection sequence Rank Name of ideal| In vitro target

detection target taxon bacteria

sequence

eub338 5- GCT GCC TCC CGT Domain | Bacteria All bacteria
AGG AGT-3'

non338 5-ACT CCT ACG GGA| Domain | Domain none
GGC AGC-3' control control

gam42a 5- GCC TTC CCA CAT| Class Gammaproteobact] Escherichia coli
CGTTT-3' eria

ec0630 5- GCTTGC CAG TAT | Genus Escherichia/ Escherichia coli

(designed CAG ATG CAGT -3 Shigella

with

DECIPHER)

cfb560° 5-WCC CTT TAAACC| Phylum | Bacteroidetes Bacteroides
CART-3 fragilis

lgc3548 5'-TGG AAG ATT CCC| Class Bacilli Lactobacillus
TACTGC- 3 AN10

lgc35415 5 - CGG AAG ATT| Class Bacilli Lactobacillus
CCCTACTGC-3 AN10

lgc354¢ 5'-CCG AAG ATT CCC]| Class Bacilli Lactobacillus
TAC TGC 3 AN10

clept1240 5 - GTT TTR TCA | Family Ruminococcaceae| Fecalibacterium
ACG GCA GTC-3 prausnitzii

lac43% 5-TCT TCC CTG CTG | Family Lachnospiraceae | Clostridium
ATA GA-3' scindens

lab158 5 - GGT ATT AGC| Genus Lactobacilus Lactobacillus
AYCTGTTTC CA 3 AN10

mucl43? | 5- CCT TGC GGT TGQ Species | Akkermansia Untested
CTT CAG AT-3 muciniphila
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Table S2. HCR initiator sequences and the corresponding fluorescent hairpins used in teisidy.

Name of| Initiator sequence Hairpin pair -Fluorophore
initiator
sequence
Bl 5- TAT AGC ATT CTT TCT TGA GGA GGG CAG B1(H1,H2)i A514
CAA ACG GGAAGA G3
B2 5- AAA AAG CTC AGT CCA TCC TCG TAA ATC| B2(H1,H2) i A647
CTC ATC AAT CAT G3
B3 5- TAA AAA AGT CTA ATC CGT CCC TGC CTQ B3(H1,H2) i A594
TAT ATC TCC ACT G3'
B4 5- ATT TCA CAT TTA CAG ACC TCA ACC TAC| B4(H1,H2)1 Cy3B
CTC CAACTCTCAGS3
B5 5- ATT TCA CTT CAT ATC ACT CAC TCC CAA| B5(H1,H2) i A488

TCT CTATCT ACC G3
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Chapter 3

TRANSLATION OF 3D MUCOSAL IMAGING TO PARTICULARLY THICK
MOUSE JEJUNUM AND HUMAN GUT SAMPLES

Introduction

Hostmicrobe interactions in the gut have betiown to play a role in cancé?, metabolic
syndromé®, neurodegenerative dise&§eneurologicdl, and psychological disordérs
Although the hostnicrobe mucosal interface may be pivotamany disorders, in this work

we have focused on inflammatory bowel disease (IBD) as one important example. Recent
studies into the pathogenesis of IBD, primarilul cer ati ve colitis (UC
(CD), have established that disrupted +rogtrobe homeostasis in the gut is the hallmark of

IBD. On the host side, genetic susceptibility loci have been implicated in the maintenance of
hostmicrobe homeostasi including genes associated with barrier function, microbial
recognition, immune system regulation, and the function of bottapbantiinflammatory

arms of the immune systéPsuggesting that hostsponse towards commensals is altered

in IBD. As expected, such altered responses by the host are accompanied by changes in gut
microbiota structure, with reduced community diversity being the most widely supported
signature ofBD*12 Furthermore, manifestatiarf the IBD phenotype requires microbiota:
germfree mice (even those genetically susceptible to IBD) develop a less severe phenotype
than microbiotacompetent sgcific-pathogen free (SPF) mieand antibiotics temporarily
alleviate IBD symptms in humari$, although in the long run they may fusthdisrupt
microbiota structur@. It has long been recognized that environment playseain the
pathogenesiof IBD'S, however, whether a subset of microbiota members proactively drives

disease remains an active area of research.

To better understand the role of microbiota in IBD, the focus has shifted tahauatsalysis

of mucosal microbés’ which arecompositionally distinct fronrmicrobes in the stool or
lument® 29 and may interact with the host not only througlfudible signals but also through
direct contact. Indeed, the comparison of mucosal microbes has outperformed the
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comparison of lumenal microbes in classification of-@Bitive and CDBnegative

patientd®, supporting the hypothesis thenucosal microbiota are more pivotal in the
pathogenesis of IBD. Palm et’akorted fecal bacteria from IBD patients based on the degree
of IgA coating and determined that the highly géated fraction induced a stronger IBD
phenotype in mice and that these coated bacteria also penetratechiabyrsterileinner
mucus laye? further sugesting that ability to colonize mucosa may discriminate IBD
drivers from other commensals. Moreover, an analysis of miadisarent fungi, such as
Malassezia restrictagetermined that mucosal fungi drive inflammation in a subset of CD
patients with gengt susceptibility in th&€ ARD9gené*. Curiously,M. restrictapersisted in

the mucosa despite the heightened immune response, implying that either microbial
clearance was insufficient or thd. restricta successfully persisted despite mucosal
inflammation. Adherent mucosal biofilms visualized by fluorescence in situ hybridization
(FISH) havebeen documented in CD patiefit€ however, their exact spatial location and

structure in the gut and their functional significance are not fully characterized or understood.

When confined to different spatial structurey synthetic communitjhas been showrot

exhibit a different phenotypé suggesting that the reverse also holds merit: the spatial
structure of a microbial community may influence its phenotype and function. However,
commonly used methods, such as sequencing, normally require samplgeimization and,

as result, report average levels of target analyte, e.g. bacterial load or host marker expression,
across space. Such averaging may be suitable in the study of lumenal and fecal microbiota
because microbiota in these locations have beewrs to be welmixed?®?% however,
averaging is not appropriate in the study of mucosal microbiota because the mucosal
landscapeof the host is complex, and villi, cryptand epithelial folds prevent thorough
mixing. Imaging of twedimensional (2D) thin sections has been the gold standard, however,
because hosnicrobe and microbenicrobe interactions are not confined to two dinams

imaging of thin sections inevitably loses precious information and biases the perception of
the full threedimensional (3D) structure, unless a laborious 3D reconstruction from many
separate sections is performed. Although attempts have been nmadgéedhicker sections,

imaging has been lited to a depth of only 12.5 i
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CLARITY, a method for 3D imaging of tissues, was a key breakgiron the field of

neuroscienc® 3. In neuroscience, 2D imaging was particulalityiting because 3D
information is necessary to map complex neuronal networks. This need motivated the
development of various hydrogel tissue stabilization, lipid cleaang refractive index
matching modalities for reduced light scattering and increaseding depthfor 3D
imaging?34. Steps have been taken towards translafihg§RITY to 3D imaging host
microbe interface in the gut. For example, in combination with sensitive detection of bacteria
by hybridization chain reaction (HCR v2¥9, CLARITY has been used to visualize
bacteria in the sputum of cystic fibrosis patients and their location relativeéteskbimucus

and free host cefts However, host epithelium was not captured by this method. CLARITY
has also been used to presenaaear intact mouse gut tisséé* however, neither bacteria

nor mucus wergisualized by these methods.

Imaging of thin sections has exposed challenges associated with preservatiorelgf loos
adherent bacteria and muéif€4! Carnoy and mehan@arnoy fixatives havéeen the
fixatives of choice as loosely adherent bacteria and mucus could not be robustly visualized
in paraformaldehyd@PFA) or formalinfixed sample€4%4! However, PFA is a desirable
fixative because it ipart ofvarious 3D imaging protocdfs Curiously, novel preservation
protocols that rely on PFA fixatioim combination with a hydrog&l[Chapter 2]or resin
embeddiné report successful visualization of bacteria and mucus, suggesting that it is not
PFA but rather other components in the fixative solution, elgersoor buffer, that are
problematic. PFA and Carnoy fixatives are formulated in aqueous and organic solvents,
respectively, whereas mucus is a biological hydrogith high affinity for watef.
Therefore, mucus may disperse into the aqueous fixative unless it is physitatted by

a hydrogel or resit?®” explaining the recent successes in nsyareservation even in PFA

fixed samples.

In Chapter 2, we presented a novel implementation of CLARITY for 3D imaging of delicate
mucosa over large areas of mouse gut tissue. However, labeling and 3D imaging of

particularly thick samples presented chiatles, such as low sigrtatbackground deep in
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the hydrogetissue hybrid due to poor reagent penetration during staining and poor

removal during washing. Outside the fields of microbiology and microbiota, transport
limitations have been met by eleganiusons, such as tuning hydrogel porosity for
improved transport of large molecutdsstrategies to turn prokarget binding on or off in
recognition that binding slowdown probetransport, utilization of stochastic electrical
fields for accelerated diffusiét and inclusion of an AND gatn the design of HCR probes

for automatic background sugssioi®. Moreover, as modern imaging gained momentum,
the number of imaging targets quickly exhausted the number of fluorophores with non
overlapping spectra. In response, multiplex imaging is accomplished by multiple rounds of
stairing/destainingfollowed by image ralignment**” or spectral imaging followed by
unmixing of fluorescence spect?d®4® However, these advances have not yet been adapted
to investigate microbial communitiesdhinical samples, such assected human gut samples
from IBD patients. These sample offer ample material for spatial structure interrogation into

the hostmicrobe relationship in IBD that is critical to better understanding this disease.

Acknowledging the importance of haslicrobe interactions on mucosal surfaces in,I3&

the limited understanding of their spatial structure, we leverage receahcas in
fluorescence microscopy for imaging particularly thick samples, specifically resected human
gut samples from IBD patients. Here we present an improved design of our previously
described [Chapter 2] twstep acrylamide hydrogel for stabilizatiohbmth fragile mucosa

and theunderlying tissue. Previously [Chapter @ stabilized fragile mucosa with a high
density surface hydrogel, however, we observed that this hydrogel created an additional
transport barrier. We predictefat this highdensity surface hydrogel was essential for
preservation of fragile mucosa and that the previously reported loss of batenaicus in
PFAfixed sample$4°4was the result of exposing hydrophilic mucosa to an aqueous
fixative solution. Therefore, we have further optied our twestep hydrogel chemistry such

that it continues to retain loosely adherent bacteria and nudusow also permits the entry

of large probes, such as antibodies. Furthermore, to mitigate the problem of unwashed HCR
probes deep in the hydrogele haveintegratedthe concept of split HCR v3.0 probes,

originally designed for mRNA staining withutomatic background suppressignto
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visualize mucosal colonizers with taxonomic resolution, high sigAahckground ratio

and low false positive rate deep into hydreiigdue hybrids. Fally, we aimed to combine

these advances to simultaneously visualize bacteria with HCR v3.0, mucus with lectins and
host cells with antibodies in a mouse and present preliminary validation of these advances
using resected human gut samples of IBD patitergkow that our technology preserves and

retained loosely adherent mucus.
Results
Protective surface gel retains loosely adherent bacteria and mucus

To validatethat our previously usedigh acrylamide concentration surface hydrogel was
necessary to preserve and retain mucus and the associated bacteria, we compared the
preservation of bacteria and mucus in mouse proximal colon samvjiler without
A4B.08P4 (4% acrylamide, 0.08% fasiylamide and 4% PFA) protective surface gel
described in Chapter 2 (Fig.3.1). To protect fragile mucosa as soon as possible and minimize
mucus and bacteria losses, the surface gel was polymerized before tissue infusion with tissue
gel monomer mix (Fig.3.2Both tissues shown in Figure 1 were fortified with a-ldensity

(i.e. low acrylamide content, in this case, A1B.01P1) liquid hydrogel that is not expected to
offer sufficient protection to the loosely adherent mucosal matter. After a-stepti
processig and staining procedure that involved shaking the tissues in various aqueous
solutions and harsh clearing in sodium dodecyl sulfate (SDS) (see Methods), bacteria were
scarce, and the mucus appeared to be lost from the crypts when a protective susfase gel
omitted (Fig.3.1, A and C). However, when the mucosa was protected by-dehigjty

surface hydrogel (A4B.08P4), mucus and bacteria were successfully retained (Fig.3.1, B and
D). This experiment supports the hypothesis that the previously reposdeaf luecteriand

mucus in PFAixed sample€4°4was the result of using an aqueous solution on a

hydrophilic tissue.
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A - protective surface gel B + protective surface gel
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Figure 3. 2. A protective surface hydrogel retains loosely adherent bacteria and mucus in a mouse
proximal colon. (A and C) A mouse proximal colon preserved with (A and C) or without (B and D) a protective
surface hydrogel. The tiles were scanned with a 10x objective on Zeiss LSM 880 confocal microscope for DAPI
staining of epithelium (cyan), WGA staining of mucusa@@nta) and HCR v2.0 staining of bacteria with a
universal bacterial EUB338 probe. panel (C), grey arrow points to areas where mucus appeared to sheered
and lost from the crypts. In panel (D), black arrow points to a crypt that was filled with muattsweals not

lost during the procedureBoth tissues were fortified with the same idensity hydrogel and were
permeabilized, cleared, stained, and imaged following identical protocols. Scale bars: (A and B) 1 mm and (C
and D) 200 pm.
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Protective surface gel creates an additional transport barriemanging hydrogel

chemistry improves transport

Next, we sought to address transport limitations posed by the protective surface gel. As
expected, the protective surface gel creéate additioml transport barrier, especially for
large molecules ith a large hydrodynamic radits For example, our previously reported
hydrogel chemistry impeded lysozyme diffusion, requiring us to increase lysozyme
concentration from the standard 1 mg/mL to 5 mg/mL [Chapter 2], and almost completely
prohibited antibody entry (Fig.33left). In other aplications, permeability problems posed

by a firm hydrogel surrounding soft tissues were addressed by polyrgerimpuid hydrogel
around therf?, however, our previous periment showed that a firm surface hydrogel was
necessary for preservation of fragile mucosa (Fig.3.1). Our previously observed severe
transport limitations may be explained by the step hydrogel embedding protocol
(Fig.3.2). Briefly, to protect fragdl mucosa as soon as possible and minimize mucus and
bacteria losses, the surface gel is polymerized before tissue infusion with tissue gel monomer
mix (Fig.3.2D). In this step, elevated temperature (37 °C) destaltitiedisermal initiator
andspeeds upeaction initiatiorand propagatigrandhigh acrylamide concentratidarther
increasepropagatiorrate suchthat hydrogel monomers preferentially polymerize into a
surface getather than diffusento the tissue. Because this polymerization is perforfimsig

the tissuegekmonomer mix may further fortify the protective surface gel and reduce its
permeability in the next step (Fig.3.2E). Specifically, in the next step, the tissues are first
infused with the tissugelmonomer mix on ice to slow down theal initiator
decomposition and reaction initiation so that hydrogel monomers preferentially diffuse
through the tissue and, unavoidably, through the surface gel. The infusedgéksue
monomer mix is then polymerized at 37°C. We predicted that when dughamide
concentration is used in both steps, the resulting small pore size of the sur{aap $S8lA,

left) severely reduseantibody diffusion rate, increasing Damkdhler number and leading to
reagent accumulation at the surface and weak stainiqginiéee hydrogetissue hybric®.

To improve permeability of these firm gels, we switched from the A4BOP4 (4% acrylamide
and 4% PFA) [Chapter 2] to an A1B.01P4 (1% acrylamide, 0.01%doygamide and 4%
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PFA) tissue gel formulation to not ovpolymerize the surfacgel (Fig.3.3A). Although

both A4BOP4 and A1B.01P4 formulations form soft or liquid hydrogels upon
polymerizdion*3, the chemistry of the gel with lower acrylamide cont@hiB.01P4),
substantially improved transport of large molecules, such as antib@gEe3.3, BC),

without increasing net protein loss during clearing (Fidp3.8r affecting the final tissue
transparency after clearing (Fig.B)3Because the tissues amdy briefly fixed in 4% PFA

before surfacgel polymerization (Fig.3.2C), PFA concentration in the tissue gel
formulation had to be maintained #ie standardi% concentrationto ensure thorough
fixation. Importantly, PFA in the surface gel formulationproved its bonding to tissues
wit hout affecting the gel ds final firmness,
could be reduced or excluded for best transport properties. The final surface and tissue gel
formulations were chosen to be A4BRIBand A1B.01P4, respectively.
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Open gut segment longitudinally Lay it flat in a treatment chamber

- top view
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Figure 3. 3. Schematic of a general twstep hydrogel embedding protocol for prompt hydrogel
fortification of the fragile mucosa and the subsequent hydrogel embedding of the underlying tisswuéth

surface and tissue hydrogel formulations After mouse dissection, a short gut segment is (A) opened
longitudinally, (B) placed into a processing chamber, (C) fixed for 1 h in 4% PFA on ice, and (D) polymerized
with a high density (i.e. high acrylamidentent) surface hydrogel. A fine surface hydrogel layer is created by
trapping surfacgelmonomer mix under the mucoaad in between mucosal crevicaad then immediately
raising the temperature to 37 °C in favor of monomer rea¢f)ii he tissue imfused with tissugelmonomer

mix on ice in favor of monomer diffusidollowed by a second hydrogel polymerization.
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of the protective surface gel.XBD imaging zstacks of antiCD45 antibody staining of total immune cells
(yellow) in a mouse small intestine. In bothages, the mucosa was protected by the same surface hydrogel
but the tissues were additionally fortified with either a 4% acrylamide + 4% paraformaldehyde formulation
(A4BOP4) (left) or a 1% acrylamide + 0.01%-bisrylamide + 4% paraformaldehyde (A1B.01P4) hydrogel
formulation(right). Scale bars = 100 pm. Quantification of antibody penetration into the hydregissue
hybrids shown in panel jBdemonstrating that A1B.01P4 chemistry increases the antibody signal/hanckgro
ratio deep in the sample. Y\et protein loss during clearing shows that a lower p#agenof acrylamide
hydrogel did not increag@otein loss. (ENormalized tissue absorbance during clearing shows that tissue clarity
was similar for both hydrogel formulations.

Although physical barriers, such as small pore size, reduce diffusionrestyd chemical
interactions with the target and the hydreggdue matrix slow transport indirectly by
increasing the ratio akaction rate to diffusion refe i.e. Damkohler number. In standard
imaging of thin sections, blocking agents, such as serum, and surfactants, such as TritonX,
have been used to reduce antibody interactions with the sample matrix, whigswi& in
background stainirg whereasmore recently SDS has been used to turn on/off antibody
interactions with the sample matrix, which enables fastermoe uniform antibody
stainind”. Although ron-specific antibody interactions with endogenous biomolecules in
tissue samples are expected in a hybrid of acrylamide hydrogel and tissue, we additionally
guestioned the possibility @ntibodyinteractions with the hydrogel componef(itsat is,
acrylamde, bisacrylamide and PFA)The typical components of an acrylamide hydrogel
are acrylamide, PFA (which depolymerizes into reactive formaldehyde monomers),-and bis
acrylamide, which can be regarded as acrylamide dimer crosslinked by formaldehyde.
According to the proposed mechanism of tissue embeddingaicrtylamide hydroggt>?
formaldehyde fixative first crosslinks biomolecules to each other as well as acrylamide to
biomolecules. This crosslinking anchors acrylamidiagotissue and prepares the tissue for
the second step, acrylamide polymerization. Acrylamide anddpjdamide polymerize to

form a hydrogetissue hybrid. Although polymerization of alkene functional groups of
acrylamide and biacrylamide yields stahlenonreactive alkane bonds, formaldehyde
crosslinks are reversible and may formcta@ Schiff base intermediafésFurthermore,
formaldehyde reverserosslinking increases with temperateftevhich may explain reports

that acrylamide hyrogel does not withstand clearing at elevatewperature®¥->° Tris has

been usedot querch unreacted formaldehytleso we hypothesized that a Tris wash of

hydrogettissue hybrids before antibody staining niagrease antibody penetration and the



7z
signatbackground ratio by reacting with free formaldehyde and Schiff bases (Fig.3S1).

We found that although Tris wash did not improve antibody staining closer to the surface of
the ge] >50% increase in signblckgound ratio could be measured 200 um deep into the
tissue (Fig.3.S1C). Therefore, washing a sample with Tris prior to antibody staining may be
a simple strategy to improve antibody staining in Rixad samples. The results suggest the
possibility that agrlamide hydrogetissue hybrids are not inert, although future studies
should investigate the mechanism behind this improved antibody staining

We next wished to test whether the protective surface gel acts as a reagent sink, potentially
exposing reagenhcompatibilities and further reducing hydrogel pore size. For example,
despite thorough washes, SDS micelles can remain in the surface gel, sedr &®h
lysozyme ceprecipitat€® when lysozyme treatment is performed after SDS clearing
(Fig.3.S2A). Although amdividual SDS molecule is small and should diffuse freely even
through dense hydrogels, mixed Sii$d micelles can bas large as antibodies and even
larger, reaching as much as 100 nm hydrodynamic raci@iSimilarly, the surface gel may

also trap antibodies, which would be indicated by strong fluorescence after antibody staining
(Fig.3.S2B). Curiasly, we observed that when dextran sulfate of high molecular weight
(>500,000 Da) is used as a crowding agent during HCR tagging of bacteria, it exacerbated
antibody retention in the surface gel, whereas this did not occur when we used dextran sulfate
of intermediate molecular weight (<40,000 Da) (Fig.3.S2B). Overall, such observations
supported the notion that reagents with large molecular weights may be retained in the
hydrogel and interfere with subsequent steps. In addition to SDS micelles and sldiatan

other molecules may also be retained in the surface gel, such as lysozyme, HCR probes and
amplifiers, and even proteins lost during clearing. Acknowledging that reagents can remain
in the hydrogel despite thorough washes, we carefully considszgent compatibility when
designing the mukstep process of permeabilizing the tissue, clearjrgdt staining it. For
example, we opted to perform lysozyme permeabilization of bacterial peptidoglycan layer
before SDS clearing to prevent potential Bgoe inactivation by SDS [Chapter 2]. If

experimental design required antibody staining to be performed after HCR (e.g., in the case
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of antibody staining described in Chapter 4), we opted to use low molecular weight dextran

sulfate in HCR.
HCR v3.0 16S rRA probes enable sensitive and specific visualization of bacteria at depth

Next, we sought to improve the specificity of bacterial tagging by HCR. In conventional
fluorescence in situ hybridization (FISH), autofluorescence and light scattering may obscure
the relatively weak signal, motivating the development and adoption of hybridization chain
reaction (HCR) that amplifeesignal above background ndis¥°°[Chapter 2] However,
because the original HCR design (HEZRO) requires only a single probe to initiate signal
amplification, norspecifically bound probes\g rise to amplified backgrouffd In thick
samples subject to 3D imaging, unbound probes deep in the sample are particularly
challenging to wash away, and amplified background increasesepth. d\dditionally, in
discrimination of bacteria with taxonomic resolution, taspecific probes may bind off
targets with high degree of homology in the 16S ribosomal RNA (rRNA) sequence and may
not be properly removed from deep in the hydrogel duriashimg, such that amplified false
positive signal also increases with depth. We have previously reported wealeeardissty

of Bacteroidetespecific CFB56(HCR v2.0 probe towards. coliin thin hydrogel slabs
[Chapter 2]. However, such cressactivily increased sharply with depi thick hydrogel
slabs(Fig.3.3, AB). To decrease the likelihood of nepecific amplification, we selected
HCR v3.0 probes (agggned by Molecular Instrumeitthat require two split probes bound

to the target for HCR inigition and, in so doing, reduce false positive sijrabr example,
BacteroidefParabacteroidespecificHCR v3.0 probe thatinds 16S rRNA moleculia the

same region as CFB560CR v2.0probeamplified signal irBacteroides fragiligB. fragilis)

but not E. coli hydrogel slabgFig.3.3, GD). In the case oB. fragilis, a high signal
background ratio was achieved partially because background amplification was also
suppressed (Fig.3.3D). Therefore, HCR v3.0 outperforms HCR v2.0 at specific detection of

bacteriawith taxonomic resolution deep in particularly thick hydreiggdue hybrids.
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Figure 3. 4. Adoption of HCR v3.0 mitigates false positive signal amplification at depth vitro. (A) HCR

v2.0 staining ofE. coliwith the Bacteroidetespecific CFB560 probe_eft: HCR v2.0 with CFB560 probe
(green); right: overlay with DAPI staining of DNA (cyan). (B) Quantification of fglgsitive fluorescence
signal in panel (A) as a factor of depth into the in vitro hydrogel. Each data point represeatis tHiaveage
fluorescence in a cetb the average background fluorescen€® HCR v3.0 staining of E. coli (left) and
Bacteroides fragilis(right) with a BacteroidefParabacteroidespecific probe, referred to in the figure as
Bacteroidegprobe, (magenta) thatrials in the same region as the CFB560 probe. (D) Quantification of the
fluorescence signal in panel (C) is expressed as an empirical cumulative distribution function (ECDF), which
shows what fraction of cells in panel (C)dyis) had a particular or lowsignal/background ratio {axis). For

the Bacteroides/Parabacteroiggecific HCR v3.0 probe, B. fragilis is the true target and E. coli is the false
target. All scale bars =100 pm.

Split HCR v3.0 probes span a wider region than standard probes, complicating the design of
broad coverage 16S rRNA probes, such as the universal bacterial EUB338 probe. The
EUB338 probe is only 18 base pairs (bp) long, whereas split HCR v3.0 probes@giena
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of 52 bp*. The EUB338 probeovers >95% of all known bacterial 16S rRNA sequences

without a mismatch, however no single 52 bp region is shared among >95% of sequences.
We hypothesized that degenerate probes would increase coverage and designed a degenerate
universal HCR v3.0 probetde cover bacterial orders common in both the mouse and human
gut (Fig.7, AB). Briefly, a 52 bp region around the EUB338 probe binding site compatible
with the HCR v3.0 reaction mechanism was selected by Molecular Instruments Corporation.
Considering oyl the most prevalent bacterial orders in mouse and human gut, we aligned
the selected 52 bp region to 16S rRNA sequences in SILVA database (Fig.3.5). After
alignment, we selected the most frequent hits that maximized coverage. The degenerate
universal HCRv3.0 probe set was narrowed down to 17bp2ong probes, however,
different combinations of split probes further increased coverage. The exact location of the
splitis proprietary (Molecular Instruments Corp.), therefore, we assessed the coverage of the
hypothetical 26 bp long probes (Fig.3.5). For most bacterial orders under consideration, both
split degenerate probe sets covered >80% 16S rRNA sequences in SILVA database without
mismatch (Fig.3.5). The probes are not expected to differentiate betweemEgwith

zero or one mismatch; therefore, in practice, our designed degenerate universal HCR v3.0

probes are expected to cover nearly all bacteria in the bacterial orders of interest.
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Figure 3. 5. Design of the universal degenerate split HCR v3.0 proket. A 52-bp region around EUB338

binding site was selected by Molecular Technologies. To improve coverage, we expanded to 17 full degenerate
probes, and analyzed the coverage of 10 and 12 spli
fevend (B). The Il ocation of the split is proprietary
the coverage of the hypothetical-Bp-long split probes. The height of each colored bar represents the
percentage of coverage without asmatch by one degenerate split probe, and the net bar height represents
cumulative coverage by the degenerate probe set of the bacterial order of interest. Coverage is defined as % of
orderspecific 16S rRNA sequences in the SILVA 138 NR99 database ihatveith the probe without a
mismatchOnly bacterial orders common to mouse and human gut were considered in the analysis.



The degenerate universal HCR v3.0 probe set was compared against EUB338 H7C;R v2.0
experimentally in a proximal colon tissue from a specific pathogen free (SPF) mouse
(Fig.3.6). Because both probes competed for the same binding site, their concentragions wer
matched to avoid owtompetition. Both probes successfully visualized abundant bacteria in
between two proximal colon folds (Fig.3.6;@, but only EUB338 HCR v2.0 probe gave
amplified background in the tissue (Fig.3.6, A, D and J). In contrast, degen@iversal

HCR v3.0 probe set effectively suppressed background amplification in the tissue (Fig.3.6,

B, D and K). The signals overlapped well (Fig.3.6, C and I) and were positively correlated
(Fig.3.6L, } = 0.6) 1in b eptobesammpetedvionthegsanex i ma |
binding site, partially explaininghel ower t han 1 Pearsonsos <cor
assess the coverage of the degenerate universal HCR v3.0 probe set, we attempted to quantify
the fraction of HCR v2.0 positive voxelsat are also positive for HCR v3.0. However,
because HCR v2.0 showed strong amplified background, the full HCR v2.0 positive
population could not be clearly defined. Therefore, we only considered voxels brighter than
500 in HCR v2.0 channels because weensnfident they did not elocalize with DAPI

staining. In this select voxel population, 85% of voxels were also HCR v3.0 positive,
suggesting that broad coverage of the degenerate universal HCR v3.0 probe set was achieved.
Furthermore, consistent withehcommonly reportedbacterial colonization of muctfs

bacteria labeled by the degenerate universal HCR v3.0 probe-leettped with mucus

staining (Fig.3.6, E and F). Thus, the results suggested that degenerate HCR v3.0 probes can
also bedesigned to cover broad bacterial groups while continuing to supprespemific

amplification.
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Figure 3. 6. Comparison of the degenerate universal HCR v3.0 probe set and EUB338 HCR v2.0 probe
in a mouse proximal colon(A-1) CLARITY imaging of a mouse proximal colon with the full acquirestack
shown in (AF) and the zoomed in portions focused on bacteriashio (G1). All scale bars = 100 um. (A)
Bacteria tagging with EUB338 HCR v2.0 probe (yellow). (B) Bacteria tagging with the degenerate universal
HCR v3.0 probe set (magenta). (C) Overlay of A and B showing that the signals overlap in the center of the
image, i.e. in between two proximal colon folds. (D) Epithelium staining with DAPI (cyan) showing proximal
colon folds and a void in between. (E) Mucus staining with WGA lectin (green) showing mucus filled goblet
cells in the tissue and secreted mucus iwbet proximal colon folds. (F) Overlay of (B), (@nhd (E) showing
spatial structure of tissue, secreted mucus and bacteria tagged by HCRKB\0X&! intensity analysis of a
subsampled voxel population in panels-B. (J) HCR v2.0 signal vs DAPIgnal, showing that voxels well
stained by DAPI also had elevated HCR v2.0 signal. (K) HCR v3.0 signal vs DAPI signal, showing that voxels
well-stained by DAPI segregate from voxels watined by HCR v3.0. (L) Voxel intensity analysis of the
zoomed in imges shown in (&), showing that HCR v3.0 signal positively correlated with HCR v2.0 signal
(Pearsonds correlation coefficient = 0.6). These pr
the <1 correlation coefficient.

Bacteria, mucusand host cells can be simultaneously imaged in 3D in mejusaim

Finally, we asked whether our technological advances enabled simultaneous visualization of
bacteria, mucysind host immune cells in 3D (Fig.3.8). In a mouse jejunum, we were able
to captue long intestinal villi from their tip to the base (Fig.3.8A), although imaging depth
varied across the sample. Mucus was successfully presend@/GA staining detected
abundant mucuslled goblet cells in the epithelial lining (Fig.3.8B). Bacteria eveztained

and detected with low background by HCR v3.0 (Fig.3.8.C). More permeable hydrogel
tissue hybrids also facilitated antibody transport deep into the hydrogel and across the
epithelial layer, visualizing immune cells densely packed in the cole afilti (Fig.3.8D).
Therefore, our technological advances offer a versatile tool for the interrogation -of host

microbe interface in the mucosa.
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Figure 3. 7. Multi-modal staining of mouse small intestinal tissugA) DAPI staining of DNA marks the

tissue (cyan); (B) WGA lectin stains mucus and other glycans (green); and (C) HCR v3.0 stains total bacteria
with the universal degenerate probe set presented in FigB.Big3.6 (magenta). (D) Antibody staining of

total immune cells clustered in the core of the villi with €245 antibody (yellow). (E) Overlay of lectin
staining of mucus, HCR v3.0 staining of bacteria, and antibody staining of immune cells. (F) Additional overlay
with DAPI stainhg of DNA. Scale bar= 200 pm.
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Two-step hydrogel polymerization retains mucus in resected human gut samples

Continued retention of bacteria and mucus along with improved specificity of bacterial
labelling and improved antibody transport for characterization of dise (frig.3.7) hold
promise in elucidating the spatial structure of the-hastobe interface in IBD. However,

the gut wall of humans is much thicker than that of mice, requiring further optimization and
validation of reagent concentrations, volummesd ncubation durations. Furthermore, the
gastrointestinal tract of humaatected by IBD can be fibrofi§; which might make ilenser

and less permeable to reagents. To translate oustepohydrogel embedding protocol to
human gut, we collaborated with researchers at G&laas Medical Center in Los Angeles.
Remnant resected human gut samples from patients undergoing sargery€r ohnés di s
(CD) were provided under exempt Caltech IRB protoced2985. Immediately after surgery,

the samples were dissected at Ce&ansi hospital and fixed in 4% PFA during their
transportation to Caltedocated 15 miles, or up to 1 aywayfrom CedarsSinai Medical
Center. At Caltech, the samples were immediately subjected to sgeipelymerization

to minimize mucus and bacteria losses, followed by tissue infusion with tissue gel monomer
mix and polymerization. In the first validationpetiment, involved (i.e. affected by CD)

and uninvolved (i.e. not affected by CD) ileum segments from a single IBD patient were
stained with DAPI for DNA and wheat germ agglutinin (WGA) for mucus and other glycans
(Fig.3.8). Uninvolved segment is expectedappear like healthy tissue; indeed, 3D images
show intact, vertically aligned villi, suggesting that the samples were not damaged during
surgery, dissectigror transportation. Furthermore, 3D images of uninvolved segment show
mucus surrounding the villsuggesting that mucus was successfully preserved and retained.
In contrast, involved segment shows damage to the epithelium and depletion of secreted
mucus. Given that no epithelial damage or absence of mucus was observed in the uninvolved
segment, wessumehatthe morphology observed in the involved segment arises from tissue

inflammation rather than sample handling.



Uninvolved ileum Involved ileum

Figure 3. 8. 3D imaging of resected humagut from one IBD patient usingoptimized hydrogel chemistry.

(A) 3D imaging of uninvolved, healthike ileum showing intact, vertically aligned villi surrounded by secreted
mucus (white arrows). (B) 3D imaging of involved ileum affected by CD showing irregular villi and absence
of secreted mucus. Cyan: DAPI stapiDNA that marks epithelial boundary. Green: WGA staioifingucus.

Scale bars = 200 um.

Discussion

In Chapter 3 of this thesis, we describe our advanced technology for 3D imaging of the
intestinal mucosa that continues to retain looadlyerent bacteria and muchat improves
signatto-background ratio deep in particularly thick samples. Having observed slow reagent
transport into the hydrogel during incubation and out of the hydrogel during wash (which
reduces signab-background rati at depth), we sought to mitigate both physical and
chemical transport barriers and achieve a lower Damkéhler number for more uniform

staining. Specifically, we recognized that ourtstep hydrogel polymerization protocol that
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stabilizes loosely adherdpdcteria and mucus promptly in the first step and the underlying

tissue in the second step can result in particularly small pore sizes. Therefore, to both retain
loosely adherent mucosal matter and maintain sufficient pore sizes for antibody transport,
wedid not alter the acrylamide concentration in the first polymerizationtmiépeduced its
concentration in the second step. Furthermore, we recognized that reversible PFA
crosslinking may generate Schiff bases, which may react with antibodies, Glaiverg
antibody transport and increasing background staining. To mitigate this chemical transport
barrier, we incorporated a wash step with a formaldehyde scavenger prior to antibody
staining. Future technological developments will aim to further imptoaesport by
incorporating SWITCH, stochastic electrvansport®, or eFLASH!. These methods
accelerate antibody transport by switching off its interactions with the hyereget maix

during the incubation sté} using stochastic eleit fields forfaster transpoft, or botf{™.
Nonetheless, we reasoned that for these approaches to work in future developments of our
technology, the pore size has to be sufficiently large such that antibody entry into the
hydrogel is possible.

To improve the specificity of HCR tging of bacteria in particularly thick samples, we
adopted HCR v3.0 that offers automatic suppressionmbpecific signal amplificatidi.
Although HCR v2.0 amplifieRNA signal and impoves sensitivity at deptf)it suffersfrom

false msitive signal amplification and low specificity deep in the hydrtigslie hybrids

where the wash ohonspecifically bound probessinot effective. In this work, we
demonstrate that taxespecific HCR v3.0 probes resol¥a@se positive signal amplificain

and maintain probe specificity in particularly thick samples. However, split HCR v3.0 probes
bind a 52 bp long region; as a result, broad coverage 16S rRNA probes require degenerate
probe design. In this work, we designed a universal bacterial HCRle@dherate probe set
composed of 17 full degenerate probes (7 and 12 split degenerate probes). In silico alignment
of these probes to 16S rRNA sequences in SILVA database predicted that they should cover
>80% of bacterial species without a mismatch ani@uogerial orders common to mouse and

human gut. The use of degenerate probes increased the net probe concentration, increasing
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the risk of background amplification. However, we demonstrated that our universal

bacterial HCR v3.0 degenerate probe set coetiria suppress background amplification.

In this work, we relied on acrylamide hydrogel chemistry in combination with PFA fixative.
PFA performs two functions: it fixes biomolecules and anchors acrylamide to them.
However, as previously recognized, PFAaiproblematic fixative. Firstif can overfix
staining targefS; second, PFAixed acrylamide hydrogel are siable at elevated
temperaturé$>> and we have reasoned thavessibility of PFA crosslinking?>* may
explain the previously reported instabilities. Novel fixativeg,. @olyepoxides used in
SHIELD®®, have been reported to maintain tissue stability at elevated temperatures without
overfixing. However, to the best of aunderstanding, the previously reported polyepoxides
would not anchor acrylamide to the tissue nor would they form a firm hydrogel on their own,
which is required to stabilize fragile mucosa. Therefore, exciting future technological
developments will alsoansider the design of novel fixatives superior to PFA but still
compatible with stabilization of loosely adherent bacteria and mucus.

Suspension of elective surgeries due to Cd@dpandemic also suspended further
technological translation and applicatimnresected human gut samples from IBD patients.
However, in Chapter 4 of this thesis, we demonstrate that technological developments
described in Chapters 2 and 3 have been essential to dissecting the dynamics of
Enterobacteriacea& Bacteroidaceaasso@tion in the small intestine. For example, the
capability of our technology to scan large areas of mlicastace described in Chapter 2
enabled to detect rare events of bacteria remaining in the Sl after digesta passage, whereas
adoption of HCR v3.0 fosspecific labelling of bacteria in particularly thick samples
described in Chapter &dditionally enalbed to detect bacteria deep the SI mucosa.
Furthermore, HCR v3.0 allowed us to conclude,timathe SI mucos@acteroiddeswere
abundantand assoctad with sparseE. coli cells. Finally, improved antibody staining
describedn Chapter 3allowed to conclude thdtee mammalian nuclei not integral to the

epitheliumwereepithelial cells, suggestive of epithelial damage due to bacterial colonization
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of the mucosa. Thus, our novel technology alsosyidmise in elucidating hoshicrobe

interactions in human gut as well.

Materials and Methods

Mice

All animal husbandry and experiments were approved by the Caltech Institutional Animal
Care and Use Committee (IACUC protocol #1646). Male and femate,nbnthold
CHOW-fed C57BL/6J mice were purchased from Jackson Laboréiéi) or bred at the

Caltechanimal facilities.

General protocol for mouse GIT preservation for imaging

With modifications, the protocol described in Chapter 2 was followed. The mice were
euthanized by euthasol injection (250 pL of 10x Euthasol dilution in saline per mouse). In a
sulset of mice, euthasahjected anesthetized mice were transcardially perfused with ice
cold hPBS (0.5 w/v% sodium nitrite and 10 U/mgplarin in PBS) at 5 ml/min rafer 10

min. The gut was excised and quitked in an excess (40 mL) of im®ld 4% PFA6r 21 3

min (alternatively, if quick fixation was performed on shortirdh segment, 5 mL of 4%

PFA was used); we observed that rapid fixation of the outer muscle layer reduces tissue
warping during the subsequent preservation protocol. The gut wasnbked m icecold

PBS and further dissected on anaodd dissection stage in a biosafety cabinet (BSC). The
gut was untangled and the mesentery was removed. An approximatelyldang segment

of interest (e.g. proximal colon or jejunum) was excised. Sdgment was placed on a
microscope slide that had a th{ib mm thick)silicone isolator glued to it (666103; Grace
Biolabs). The segment was opened longitudinally using fine dissection scissors (504024;
World Precision Instruments) and laid out ftat the slide with the mucosa facing up. If
lumenal contents were present, they were carefully removed by picking them up with
tweezers and/or gently applying PBS to wash them off. Two additional(fh&knm thick)

silicone isolators (666203; Grace Biolabs)revstacked on top of the bottom isolator to
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create a ~2.5 mL reservoir for subsequent incubations. The reservoir was first filled with

4% PFA, covered with another microscope slide to prevent PFA evaporation, and the slide

was placed on ice for 1 h to fie tissue. After fixation, the tissues were flipped upside down

so the mucosa faced the glass slide (we have observed that the most convenient way to flip
the tissues is to drag them over a cover slip, flip the cover slip upside down, and drag the

tissueback to the liquiefilled reservoir).

Flipped tissue was moved to an anaerobic chamber (Coy Labs) where an-sewysgjine
polymerization of acrylamide hydrogel was performed. In the anaerobic chamber, the
isolator was first vacuurdegassed and argpuirged and then filled with surfaggel
monomer mix (see Table 3.1 for compositions) and the tissue was incubated on ice for 15
min to allow the monomer mix to displace liquid in tissue crevices. Then, spent syeface
monomer mix was exchanged withean sufacegeltmonomer mix, and most of the
monomer mix was again removed to leave only a fine layer under the mutuosdine

layer ultimately polymerizes into a protective surface gel. The isolator was covered with a
silicone sheetd64475 Grace Biolabsjo allow for gas exchange, and the surface gel was
polymerized at 37 °C for 3 h in a humid environm@mimidty was maintained by placing
either an open container with water in the 37 °C incubatarebttissuedirectly in a petri

dish with tissue samplesAfter surface gel polymerization, the tissue proceeded to hydrogel
tissue embedding either immediately or within 1 week; if hydrogel tissue embedding was not

performed immediately, the tissues were stored at 4 °C in the meantime.

Tissue embedding into laydrogel was also performed in the anaerobic chamber. The
reservoirs were filled with vacuuaegased and arggrurged tissuggeFmonomer mix, and
hydrogel monomers were infused on ice for 3 or 18 h, as specified below. After infusion, the
tissuegelmonorer mix was removed, the reservoirs were covered with silicone sheets for
gas exchange, and hydrogissue hybrids were polymerized at 37 °C in a humid
environment for 3 or 5 h as specified below. Finally, hydrtigelie hybrids were removed
from the ana®bic chamber, the muscle side of the tissue was glued to a solid support using

GLUture tissue gluel0014489Zoetis), and the tissue was dislodged from the glass slide.
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The tissues were then stored in 0.025% sodium azide in PBS until lysozyme

permeabiliation.

Table 3.1. Surfacegel and tissuegel monomer mix chemistriesAcrylamide was acquired from Sigma (
(01697), bisacrylamidei BioRad (1610142), PFAI Electron Microscopy Sciences (100504), and VA044
thermal initiatof CAS NO. 2777&21-2) i Wako (011193365).

Total Acrylamide, | Bis-acrylamide, | PFA, PBS, UltraPure | VA044
% and| 40% 2% 32% 10x Water
amount
SurfacegeFmonomer mix chemistries
A4B.08P4| 100% | 4% 0.08% 4.05% | NA NA 0.25 wiv%
30mL | 3mL 1.2mL 3.8mL | 3mL 19mL 75 mg
A4B.08P1| 100% | 4% 0.08% 1.07% | NA NA 0.25 wiv%
30mL | 3mL 1.2mL 1mL 3mL 21.8mL | 75mg
A4B.08PO| 100% | 4% 0.08% 0% NA NA 0.25 wiv%
30mL | 3mL 1.2mL 0 mL 3mL 22.8mL | 75 mg
Tissuegelmonomer mix chemistries
A4BOP4 | 100% | 4% 0% 4.05% | NA NA 0.25 wiv%
30mL | 3mL 0 mL 3.8mL | 3mL 20.2mL | 80 mg
A1B.01P1| 100% | 1.25% 0.0125% 1% NA NA 0.25 wiv%
32mL | 1mL 0.2 mL 1mL 32mL | 26.6 mL | 80 mg
A1B.01P4| 100% | 1.25% 0.0125% 4% NA NA 0.25 wiv%
32mL | 1mL 0.2 mL 4 mL 3.2mL | 23.6mL | 80 mg

Experimenispecific protocols for mouse GIT preservation for imaging

Tissuepreservation protocols were optimized using mouse GIT samples. To better mimic
resected human gut samples that cannot be perfused and thus contain blood, we opted to
perform all opimization experiments using GIT tissue from mice euthanized by standard

euthasol injection and not transcardial perfusion.

Fig.3.1. Two mice were euthanized one day apart without transcardial perfusion for
preservation of proximal colon tissues. On i flay of the experiment, A4B.08P4 surface

gel was polymerized over the mucosa of the first proximal colon tissue. After polymerization,
the sample was stored overnight in the fridge. The next day, surface gel polymerization was
omitted for the proximatolon tissue from the second mouse andimasediately embedded

in hydrogel. Tissues from both mice were infused with A1B.01P1 tiggsbimonomer mix

for 3 h and then polymerized for 5 h.
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Fig.3.3.0ne mouse was euthanized without transcardial perfusion. A4B.08P4 hydrogel

was polymerized over the mucosa of two small intestinal segments. After surface gel
polymerization, tissue samples were stored in the fridge overnight. The next day, one sample
was infused with A4BOP4 tissugelmonomer mix and one with A1B.01P4 tissyed-
monomer mix. After infusion, the first tissue with high acrylamide concentration tissue
hydrogel was polymerized for 3 h, whereas the second tissue with low acrylamide
concentratn tissue hydrogel was polymerized for 5 h.

Fig.3.4.E. coliandB. fragilis were cultured anaerobically at 37.9€rst, frozen bacterial
stocks were platedn Brucella blood agar plates (A30; Hardy Diagnostes) cultured for

1-2 days. The night beforeacterial embedding into hydrogel slabs, single colonies were
inoculated in 5 mL ofbrain heart infusion (BHI) medium supplemented with 5 pg/mL
hematin, 1 pg/mL vitamin K1 and 250 pg/ml-dysteine (BHISS)and cultured overnight

for 14 h The next day, ationary overnight cultures were-ir@culated into fresh 5 mL of
BHI-SS; the inoculum volume was such that all bacterial isolates reachezkpaebntial
phase (OD = 0-1.0 as measured in transparent 14 mL relmitbm culture tubes) within
2-2.5 h (50uL for E. coliand300 uL for B. fragilis). Pelleted cells were 1suspended in
PBS, mixed with 8% PFA in 1:1 ratio and fixed on ice for 1 h. Fixed cells were spiked into
A4B.08P1 surface gel monomer mix at-3& cells/mL density and polymerized into
hydragel slabs. After surface gel polymerization, hydrogel slabs were infused overnight with

A1B.01P4 tissue gel monomer mix and polymerized for 5 h.

Figs 3.6, 3.7, 3.S1, 3.SFive mice were euthanized without transcardial perfusion.

A4B.08P1 hydrogel over thraucosa of intestinal segments of interest (either proximal colon
or small intestine). After surface gel polymerization, the tissue sample proceeded
immediately to overnight infusion with A1B.01P4 tissue gel monomer mix. The next day,
the tissue hydrogelas polymerized for 5 h. In Figure3.S2B, a malnourished mouse gavaged

with PBS (as described in Chapter 4) was used instead.



Preservation of resected human gut tissues for imaging

Remnant resected human gut samples from pat
(CD) were provided under exempt Caltech IRB protoceD295. In the morning of the
gastrointestinal surgeries, resected human gut samples were stored at 4 °C atetl disse
within a few hours in a BSC. Dissected tissue samples (approximately 0.5 cm wide and up
to 2 cm long) were immobilized in tissue cassettes, submerged in 50 mL of 4% PFA, and
transported on ice from Ced&®mai Medical Center to Caltech located ug to away. To
equilibrate thick human tissue to an anaerobic environment, fixation was continued in an
anaerobic chamber in anaercbitvironment equilibrated 4% PFA on ice for another 2 h.
Fixed tissues were transferred to reservoirs built by stackingsiadhsilicone isolators
(Grace Biolabs) on a microscope slide and incubated with A4B.08P0 sgeiaoenomer

mix on ice for 30 min. The surfagelmonomer mix was then exchanged and removed
again, leaving only a fine layer under the tissue. The polyatenizwas carried out at 37 °C

for 3 h in a humid environment. After surfagel polymerization, the tissues proceeded
immediately to overnight infusion with A1B.01P4 tissgedtmonomer mix. The next day,

they were polymerized at 37 °C for 5 h in a hunmidi@nment.
Bacterial peptidoglycan permeabilization with lysozyme

On the day of lysozyme treatment, hydroegisbue hybrids were incubated in lysomy
treatment buffer (10 mM TrBICI, pH=8.0(AM9856; Ambion)) at room temperature (RT)

for 1 h before trement. Bacterial peptidoglycan layer was then permeabilized. For mouse
gut samples, permealization was with 1 mg/mL lysoz{@0€82 ThermoFisher Scientific)

in 10 mM Tris HCI, pH=8.0, at 37 °C for 6 h with shaking. After treatment, the hydrogels
were ringd in PBS and then washed three times in excess of PBS (~50 mL) over the course

of one day.

For ~5mm thick human gut samples, hydretigdue hybrids were incubated in lysozyme
treatment buffer for 5 h, infused with 1 mg/mL lysozyme in 10 mM Tris HCI, p&=8
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overnight at 4 °C, and permeabilized the next day at 37 °C for 6 h. After lysozyme

treatment, the samples were washed three times in excess PBS at RT over the course of a
day.

SDS clearing

Each piece of tissue was cleared in a separate 50 mL tubeviille4% SDS51213 Lonza)

in PBS, pH=8.5, at 37 °C and 180 rpm. Mouse tissues were cleared fimy3& with daily
clearing solution changes, whereas human tissues were cleared for 10 days with solution
changes every other day. After clearing, the samplere washed for one day at 37 °C in
PBS, and then for an additional day at RT in PBS. Two washes were performed each day,

with 50 mL of wash solution per sample per wash.
General antibody staining protocol

Before antibody staining, the samples welecked overnight in 2% serufd00487948
Electron Microscopy Sciences) PBST buffer (0.1% TritonXL00, 0.01% sodium azide in
PBS) at RT. The next day, antibody (and optionally lectin) stocks were centrifuged at 10,000
g and 4 °C for 10 min to pelletrige aggregates. Antibody staining solution contained 2%
serum, 5 ug/mL of anrCD45AlexaFluor546 antibody(sc53665 AF546 Santa Cruz
Biotechnology) 5 ug/mL DAPI(ThermoFisher Scientifignd, optionally, 45 ug/mL WGA
conjugated with either AlexaFluor88 (W1126% ThermoFisher Scientific) or
AlexaFluor647(W32466; ThermoFisher Scientififiuorophores. Hydrogeissue hybrids
were stained fori13 days at RT with gentle shaking. Afterisiag, they were rinsed in
PBST,and then washed 3 times in excesBPBET (2030 mL per sample) over the course
of one day.

Experimenispecific antibody staining protocols

Fig.3.3.Hydrogeltissue hybrids were stained with 5 ug/mL &b45-AlexaFluor546 and
5 ug/mL of DAPI, 0.5 mL of staining solution per sample. Thenstgiwas carried out for

24 h. Otherwise, the general antibody staining protocol was followed.
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Fig.3.S1* S2. Hydrogettissue hybrids were stained with 5 pg/mL &@b45

AlexaFluor546 and 5 pg/mL of DAPI, 0.5 mL of staining solution per sample. The staining
was carried out for 3 days. Otherwise, the general antibody staining protocol was followed.

General HCR v2.0 protocol

Hybridization solution consisted of 10 nM of each probe in hybridization buffer (15% v/v%
formamide, 10 w/v% high molecular weight dextran sulfate in 2xSSC (Sodium Saline
Citrate) buffer).Probe sequences are provided in Table,3a8d HCR initiator sequees

are provided in Table SPlydrogettissue hybrids were hybridized at 46 °C for 16 h. After
hybridization, they were rinsed in 2xSSCT buffer (0.1% Tween20 in 2xSSC) and then
washed for 2 h in 30 mL of 30% formamide in 2xSSCT buffer, 2 h in 30 mL &#CXS

and 2 h in PBS. Amplification solution consisted of 0.12puM of each amplifier in
amplification buffer (10 w/v% high molecular weight dextran sulfate in 2xSSC buffer). Prior
to combining all amplifiers in the amplification solution, they were -sbatked at 95 °C

for 90 s and cooled to RT for 30 min. Hybridized probes were amplified at RT for 16 h. After
amplification, each hydroggissue hybrid was fitsrinsed in 5xSSCTwashed twice with
shaking in 30 mL of 5xSSCT for 2 &nd then in 30 mL of PBfr 2 h. All washes were
performed at RT and with shaking.

General HCR v3.0 protocol

Before hybridization, samples were firgbridized in 30% formamide in 5XSSCT at 37 °C

for 2 h. Prehybridized samples were then hybridized at 37 °C for 20 h in hybrilizati
solution containing either 4 nM of each degenerate universal HCR 3.0 probe or 10 nM of
taxonspecific nordegenerate HCR v3.0 probe as specified beProbe sequences are
provided in Table 3.SHybridization solution was prepared in probe hybridizatoiffer

for tissues in wholenount (Molecular Technologies). After hybridization, the hydrogel
tissue hybrids were first rinsed in warm (equilibrated to 37 °C) probe wash buffer (Molecular
Technologies), and then a series of washes was performed in 20 wdsh buffer per

sample per wash at various volumetric ratios of Probe Wash Buffer (Molecular
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Technologies) and 5xSSCT: 3:0 for 30 min, 2:1 for 30 min, 1:2 for 60ameh0:3 for 60

min. All washes were performed at RT and with shaking.

Hybridized proles were amplified at RT for 20 hamamplification solution containg 0.12

MM of each amplifier. Theraplification solution was prepared in amplificatiouffer for
tissues in wholenount(Molecular Technologies). Prior to combining all amplifiers ia th
amplification buffer, they were heahocked at 95 °C for 90 and then cooled down at RT

for 30 min. After amplification, each hydrog@sue hybrid was first rinsed in 5xSSGhd

then washed twice in 20 mL of 5XxSSCT for 30 min each time and twatermL of 5XSSCT

for 60 min each time. Finally, the samples were washed in 20 mL of PBS for 1 h. All washes

were performed at RT with shaking.
Experimenispecific HCR tagging of bacteria

Fig.3.1. Each hydrogetissue hybrid was hybridized with EUB338 peobnked to B5
initiator in 5 mL of hybridization solution and then amplified with-BExaFluor488
amplifier pair in 1.5 mL of amplification buffer. Otherwise, the general HCR v2.0 protocol
was followed. After HCR v2.0 tagging of bacteria, hydretgggduehybrids were stained with

5 pg/mL DAPI and 1 pug/mL WGAAlexaFluor647 in 5 mL of PBS at RT for 36 h. After

staining, the samples were washed in excess of PBS for 4 hours prior to imaging.

Fig3.7. (HCR v3.0) The hydrogetissue hybrid was hybridized witthe degenerate

universal HCR 3.0 probe set linked to B2 initiator in 1 mL of hybridization solution and
amplified with B2AlexaFluor647 amplifier pair (Molecular Technologies) in 0.5 mL of
amplification solution. Otherwise, the general HCR v3.0 protocslfaliowed. After HCR
v3.0 tagging of bacteria, the hydrogisisue hybrid proceeded to aldy antibody staining
with 5 pg/mL of antrCD45AlexaFluor546, 5 pg/mL WGAAlexaFluor488and 5 pg/mL
DAPI. Otherwise, the general antibody staining protocol wismxded.

Fig.3.4. (n vitro HCR v2.0 vs HCR v3.0 with nedegenerate taxespecific probesk. coli

andB. fragilisin vitro hydrogels were hybridized following the general HCR v3.0 protocol
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with the following specifications: hydrogels were hybridized with the CFBE®BICR

v2.0 probe an®BacteroidesB2 HCR v3.0 probe, each at 10 nM in 1 mL of hybridization
solution. Then the hydrogels were amplified with-B8&xaFluor488 and BAlexaFluor647
amplifiers in 0.5 mL of amplification solution. After HCR tagging of bacteria, the hgtkog

were counterstained withpig/mL of DAPI overnight.

Fig.3.6. (n vivo HCR v2.0 vs HCR v3.0 with degenerate universal HCR v3.0 probdket).
general HCR v3.0 ptocol was followed in this experiment. The hydretgdue hybrid was
hybridized with the EUB3384 HCR v2.0 probe and the degenerate universal HCR v3.0

probe set linked to the B2 initiator in 3 mL of hybridization solutifime concentration of

each degeerate universal HCR v3.0 probe was 4 nM; considering that each arm of the split
universal HCR v3.0 probe set contains ~10 probes (7 and 12 to be exact), we set-EUB338
B4 concentration to 40 nM to avoid ecempetition. The hydrogdissue hybrid was then
amplified with B4AlexaFluor546 and BAlexaFluor647 amplifier pairs in 1.5 mL of
amplification solution. Finally, before imaging, the sample was stained overnight at RT with
5 pg/mL DAPI and 5 pg/mL WGAAlexaFluor488 in 5 mL of PBS.

Design of the degendarmauniversal HCR v3.0 probe set

Split v3.0 16S rRNA probes were designed in collaboration with and synthesized by
Molecular Technologies. First, Molecular Technologies selected a 52 bp region around
EUB338 binding site that was compatible with HCR v3.0maesm. We then aligned this
selected region to nearly 200,000 16S rRNA sequences in SILVA 138 NRPP database only
considering bacterial orders relevant to mouse and human gut microbiomes and selected the
most common hits that maximized coverage. The setect degenerate probes can be
performed on either full or split probes; we opted to work with split probes because we noted
that the search space was smaller (different combinations of split probes further increase
diversity and increase search space rwtegenerate probe design is performed on full
probes). Nonetheless, because the exact location of the split is unknown to us (proprietary to
Molecular Technologies), we designedtg®long split probes that shared 8 bp of overlap in

the center. In the enWe merged split degenerate probes based on the perfect overlap in the
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center. We obtained 17 full degenerate prddeble 3.S1)splitting of these probes by

Molecular Technologies yielded 7 and 12 split degenerate probes.

For each split degenerate peoand bacterial order combination, coverage was defined as
percentage of 16S rRNA gene sequences in the SILVA 138 NR99 database that aligned with
the probe without a mismatch.

Imaging

All images were acquired on a Zeiss LSM880 confocal microscope.

10x Waer Immersion Objective. Images presented in Fig.3.1 wersdilaned with a 10x
water immersion objective with 10% overlap in channel mode for DAPI staining of
epithelium, WGA staining of mucuand HCR v2.0 tagging of bacteria. Tiles were stitched

in Zensoftware. All imaging and display metadata are provided in the SI.

20x Water Immersion Objective. Images presented in Fig.3.4 were imaged with a 20x water
immersion objective in channel mode for DAPI staining of DNA, CFB560b HCR &Bd
BacteroidedHCR v3.0 tagging of bacteria. All imaging and display metadata are provided
in the SI.

20x CLARITY objective. The rest of the images were acquired with a 20x CLARITY
objective Samples were mounted in RIMB00 mL of 0.02 M phosphate bufféPg244
MilliporeSigma) + 800 g of HistodenzCAS #: 6610895-0; JINLAN PharmDrugs
Technology Cq9.supplemented with 0.01% sodium azide, pH=7.5, RI91add incubated
overnight. To prevent RIMS dehydration during imaging, RIMS was covered with a layer of
Immersion Oil (Type FF1691604; Electron Microscopy Scienceshll images were
acquired in channel mode. All imaging and display metadata are provided in the SI.



Image analysis

Antibody penetration (Figs.3.3 and 3.SAntibody penetration was quangifl in FIJI.

Briefly, a region of interest (ROI) was first drawn to mark the tip of a villus so that the z
distance from the villus tip can later be quantified. Then, at various planes along the villus,
4 ROIs were selected: three marking immune cellearcore of the villus (signal) and one
marking epithelial cells (background). Average ROI fluorescence was calculated in FIJI, and
the results were exported for further analysis in Python. In Python, the-sapkajround

ratio was calculated as the rata§ average fluorescence in signal ROI to average
fluorescence in background ROI at the sarmane. Each data point in Fig.3.3B and
Fig.3.S1B represents sigAahckground ratio averaged over three signal ROls at the same
plane. For each-gtack, three Vil were analyzed; for Fig.3.3B, onestack was considered

for each condition, whereas for Fig.3.S1B, tw&tacks were considered for each condition.

HCR v2.0 vs HCR v3.0 tagqging of bactenavitro (Fig.3.4).Bacterial cells were segmented

based on DAPs&taining of DNA in Imaris. Object parameters (object smmsition, and
average fluorescence in each channel) were exported for further analysis in Python. In
Python, signabackground ratio was calculated as object average fluorescence intensity over

average background fluorescence intensity.

HCR v2.0 vs HCR 3.0 background amplification in in vivo hydrdgsiue hybrids (Fig.3.6).

Voxel fluorescence intensity was analyzed in Python. Three major populations of voxels
were identified: dark voxels peakiag ~0 a.u., background voxels peaking at ~50 a.u., and
signal voxels that spread into the rest of the range. First, dark voxels dimmer than 22 a.u.
were removed based on signal in EUB338 channel (notably, background voxels were not
removed). Due to thez of the data, voxels sidampled for plotting.

Statistical analyses

Statistical significance was evaluated usimgKruskalWallis test.
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Figure 3. S1. Hydrogeiltissue hybrid wash with aformaldehyde scavenger improves antibody staining.

(A) Antibody staining of a mouse small intestine hydretggue hybrid divided into two piegdsut only one

piece (right) washed with 100 mM T4ii$Cl, pH=8.0, prior to antibody staining. Yellow: a@D45 staining of
immune cells centered in the core of the villi. Scale bar = 100 um. (B) Quantification of antibody
signal/background ratio with depth for the images shown in panel (A). (C) The same quantification as in (B)
but now signal/background ratioseainned by depth into 50 pum thick bins.



