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Abstract
Understanding the dynamic interactions among soil and plant rhizosphere microbiomes is critical for
predicting community function and developing improved probiotic and biocontrol agents for plant growth,
biofuel production, and human health. However, uecoyg these interactions is a grand challenge in
microbiology due to the lack of experimental tools suitable for discovery and characterizagars&éarch
developshigh throughput microwell recovery arrays (MRA) combined with advanced bioinformatics
techniguesto screen and detenticrobial interactions across soil/root microbial communitgesincover

bacteria species with an important function.

The first part of this thesis descril@sveloping a novel, lightesponsive, stepolymerized poly(ethylene

glycol) hydrogel membrane to retriegells from MRAs with a high degree of spatial control. The utility

of microwell arrays, particularly in screening applications, could be significantly expanded if cells of
interest could be removed from individual isdilor subsequent genetic and phenotypic characterizations.
The photodegradability of the membrane permits exchange of nutrients and waste products and seals motile
bacteria within microwells and enables individual wells of interest to be openedaystterned UV light

for selective release and retrieval.

The second part of the thesis demonstritesinique applicationf the MRA platformto discover mult
membered consortia that generate emergent outcdrhesplatform was initially develope discover
duatspecies ceulture and interactions between two walaracterized interaction pgjiAgrobacterium
tumefaciensand Pseudomonas aeginosa After investigating the oghip caculture using this pair,
Populus trichocarpahizosphere microbiome was screened for strains affecting the groRdntifeasp.
YR343, anindole-3-acetic acid IAA) producing,plant growthpromoting bacteria idated fromPopulus

deltoidesrhizosphere.

The third chapter of the thesis uses this approadmiweincing the survival and colonization of commercial

nitrogenfixing, plant growthpromoting bacterigdzospirillum brasilensgnto maize roots to improveap



yield. Diazotrophs such a&zospirillum brasilenséunction as biofertilizers by colonizing plant roots and
enhancing planproductivity through symbiotic interactions wiitithe rhizospherdJsing the MRAsnew
isolates showinghat promoteA. brasilensegrowth were extracted anddentified by 16S sequencing as
Serratia mercescensSerratia nematodiphilaSerratia urelytica,Pantoea agglomeran€nterobacter
tabaci,andAcinetobacter bereziniaend the interactions were validated-cifiip in 96well plate reader.

Also, the growth enhancement and thiprovement of thesurvival and colonization oA. brasilensein

Zea maysootswere validated in plant growth chamber experiments, demonstrating the potential to apply

the interactions founuh vitro towardsin vivosystems of agricultural relevance.

In the final chapter of the thesis, the screening capabilities using MRAs were further extended towards
screening noipathogenicAgrobacteriumsolates for the growth inhibition of pathogerictumefaciens

which is a key plant biotechnologgol and also the causative agent of Crown Gall disease. MRAs were
used tocombine fuorescently labeledh. tumefaciensp.15955 with noipathogenicAgrobacterium
isolates collected from native plant roots at the Konza Prairie Biological Station (Manhattémyi&)ver

several candidates for inhibitidgtumefaciensp. 15955 growthlhe dscovery of such growtimhibiting

isolates will help improve plamproductivity by using them as reliable biocontrol agents that prevent Crown
Gall diseasgand further demonstrates the unique capability of the MRA platform to screen natural isolate

collections to discover bacteria capable of inhibiting pathagens
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Abstract
Understanding the&lynamic interactions among soil and plant rhizosphere microbiomes is critical for
predicting community function and developing improved probiotic and biocontrol agents for plant growth,
biofuel production, and human health. However, uncovering thesedtbesiis a grand challenge in
microbiology due to the lack of experimental tools suitable for discovery and characterizagars&éarch
developshigh throughput microwell recovery arrays (MRA) combined with advanced bioinformatics
techniquego screerand detecmicrobial interactions across soil/root microbial communitgesincover

bacteria species with an important function.

The first part of this thesis descril@sveloping a novel, lightesponsive, stepolymerized poly(ethylene

glycol) hydrogelmembrane to retrieveells from MRAs with a high degree of spatial control. The utility

of microwell arrays, particularly in screening applications, could be significantly expanded if cells of
interest could be removed from individual wells for subseqgenétic and phenotypic characterizations.

The photodegradability of the membrane permits exchange of nutrients and waste products and seals motile
bacteria within microwells and enables individual wells of interest to be openedaysitigrned UV light

for selective release and retrieval.

The second part of the thesis demonstritesinique applicationf the MRA platformto discover mult
membered consortia that generate emergent outcdrhesplatform was initially develope discover
duatspecies ceulture and interactions between two walaracterized interaction pgjiAgrobacterium
tumefaciensand Pseudomonas aeruginasafter investigating the oghip coculture using this pair,
Populus trichocarpahizosphere microbiome was sened for strains affecting the growthRaintoeasp.
YR343, anindole-3-acetic acid IAA) producing,plant growthpromoting bacteria isolated froRopulus

deltoidesrhizosphere.

The third chapter of the thesis uses this approadmiwgncing the survivaind colonization of commercial

nitrogenfixing, plant growthpromoting bacterigdzospirillum brasilensagnto maize roots to improve crop



yield. Diazotrophs such a&zospirillum brasilenséunction as biofertilizers by colonizing plant roots and
enhancing planproductivity through symbiotic interactions wiitithe rhizospherdJsing the MRAsnew
isolates showinghat promoteA. brasilensegrowth were extracted anddentified by 16S sequemg as
Serratia mercescensserratia nematodiphilaSerratia urelytica, Pantoea agglomeran£nterobacter
tabaci,andAcinetobacter bereziniaend the interactions were validated-cifip in 96 well plate reader.

Also, the growth enhancement and throvement of thesurvival and colonization oA. brasilensein

Zea maysootswere validated in plant growth chamber experiments, demonstrating the potential to apply

the interactions founuh vitro towardsin vivosystems of agricultural relevance.

In the final chapter of the thesis, the screening capabilities using MRAs were further extended towards
screening noipathogenicAgrobacteriumsolates for the growth inhibition of pathogerictumefaciens

which is akey plant biotechnologtool and also the causative agent of Crown Gall disease. MRAs were
used tocombine fuorescently labeledd. tumefaciensp.15955 with noipathogenicAgrobacterium
isolates collected from native plant roots at the Konza Prairie@al Station (Manhattan, K& uncover

several candidates for inhibitidgtumefaciensp. 15955 growthlhe dscovery of such growtimhibiting

isolates will help improve plant productivity by using them as reliable biocontrol agensathant Crown

Gall diseasgand further demonstrates the unique capability of the MRA platform to screen natural isolate

collections to discover bacteria capable of inhibiting pathagens
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List of Figures

Figure 2.1: Concept of on demand release and retrieval of bacteria from microwell arrays using a
photodegradable embrane. (A) Microwell array (blue) is seeded with fluorescent cells (red) that

are confined to the wells by attaching a membrane (yellow) that supports cell growth. Irradiation
with light (yellow arrows) degrades the membrane and opens selected micedteeNghich cells

can be retrieved. (B) Photodegradable membrane is made by reacting a four athoPtue)

with a photodegradable PEG diacrylate (red with green dot) by a Mithmeehddition reaction.

(C) Polymer network of the membrane is degchdéen the photodegradable nitrobenzyl group
(green) present in the crosslinks is cleaved by light (yellow circle) and the polymeric reaction
products dissolve in the aqueous medium. (D) To seal seeded cells (red) into microwells with the
photodegradableyldrogel, we placed a glass slide with a mixture of the four arm-faleGand
PEGdiacrylate (cyan) on top of the seeded microwell with spacers (peach) in between. The
membrane precursor solution mixes with the medium (white) inside the wells andirtkes®

form the membrane (light blue). After the glass slide is removed, the membrane swells (yellow)
when placed in the culture MediUmL.............oooiiiiiiiiieee e 18

Figure 2.2: Confocal images of the membrane elted to a microwell array. Schematic
representations of the microwell viewed in the (A) xy and (B) xz planes to aid interpreting the data
in C and D. (C) Fluorescence signal, indicating fluorescein labeling of the PEG hydrogel
membrane, coming from the xglane along the green line in the xz plot shown in D. (D)
Fluorescence signal coming from the xz plane along the red line shown in the xy plot in C. (E)
Proposed locking mechanism for membrane attachment. The membrane precursor solution mixes
with culture medium (white) and crosslinks to form the hydrogel (light blue). When placed in
culture medium the membrane swells (yellow) creating forces on the walls of the microwells
preventing detachment . Mi crowel.l...s.i.ze:.20000 &m
Figure 2.3: Confocal images of A. tumefaciens after encapsulation inside the membranes at
different time points. Bcteria in the hydrogel were fixed after (A) 0, (B) 10, and (C) 24 h before
acquiring fluorescence confocal images. (D) Bacterial clusters are present in the hydrogel 24 h
after encapsulation (differential interference contrast (DIC) image). Thiol coatentr35 mM,
acrylate concentration: .3.5.mM.... S.cal.e..bhax : 50
Figure 2.4:GFP diffusion from the wells. (A) Timkpse fluorescent images of wells after loading

them with GFP, membrane attachment, and soaking in 1X PBS media. (B) Average fluorescence
intensity fran the wells at each time POINt.............oooiiiiiien e 24

Figure 2.5: Confocal images of A. tumefaciesseded microwell array with an attached hydrogel
membrane. (A) Fluascence intensities 3 h after cell seeding coming from the xy plane along the
green line and the xz plane along the red line. Left panel green fluorescence fludedsaenh
membrane; middle panel red fluorescence of the bacteria; right panel ovéstat.dB) Same as

A but after culturing for 24 h. Sampl es were
seeding OD = 0.2; ws.c.al.e..batrc..=..20..m.,.... n.2s5= 5.
Figure 26:Mi cr owel | s can be opened by degrading th
after membrane attachme(B) patterned light during irradiation (blue), (C) after irradiation (D)
and after | abeling with fluorescein malei mide
time, 5 min; l i ght outoput, l..4..mW..mm2.;,.26scal e
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Figure 2.7:Membrane degradation of bacteseeded microwells leads to bacteria release. Bright

field and fluores ence 1 mages (A, B) before and (C, D)
the Polygon400. A. tumefaciens was seeded at OD = 0.2 and cultured for 2 days. Exposed area,
120 em circle; irradiatiof tsicrad,e Sh.ami.rm=27310i ¢gmt.
Figure 28:Ef f ect of irradiation time on bacteria r
were irradiatedas ndi cated for either 1, 2, 3, 4, or 5

course of 10 min. Light output..O0..7..mW.B8m2. Sc
Figure 2.9: Several wells can be opened simultaneously using the Polygon400. (A) A. tumefaciens
expressing fluorescent mCingwas seeded at OD = 0.2 and cultured for 1 day. (B) Simultaneous
irradiation of ten 50 em microwells with a 60
Microwells that were irradiated show diffuse red fluorescence due to the moving bacteria. (D)
Fluorescein maleimide labeling confirms membrane degradation. (E, F) Same as C and D but after

washing with LB medium. Scale bar = 100 e&m. S
done NUMETOUS tIMES (320 - ..cceiiiiiiiiiieieeer bbb enens bbb e e e e e e e e e e e seeneeees 30

Figure 2.10:A. tumefaciens isolated from microwells are viable and can be cultured. (A) Total of

72 microwells (@17 50 em in di ameter) were opened with

membrane with LB with 0.05% Tween20, the solution was placed inside a plate reader and the
OD tracked over time. Washings after opening the microwells (rhombus) show an increBse in O

over the course of 16 h whereas washings before opening the microwells (circles) do not show
bacterial growth (n = 3). (B) Quantification of bacteria colony forming units (CFU/mL) present in
the washing solutions bef omewrwelsh=3)f.t.er.3lo0penin
Figure 2.11: Effect of light pattern on bacteria removal from microwells after culture for 1 day
(OD = 0.2 seeding density). (A) 40 em microwe
with 60 em | ight <circl euedfor5miada@Dme/mm2l(C)Edlls r i n
are released as shown by the diffuse red fluorescence. After washing, the membrane is fixed and
imaged by confocal microscopy. (D) Fluorescence signal (green indicating fluorkdueded
membrane, red indicating telexpressing mCherry) coming from the xy plane along the green

line in E. (E) Fluorescence signal coming from the xz plane along the red line in D. Scale bar = 40
em. Effect of ring versus circle...r.r.adB2ation
Figure 3.1: (A) Model C58GFP (green) PAO1-mCherry (red) ceculture in the MRA. Arrows

indicate rare outlier wid where C585FP outgrew PAOIMCherry. (B) Scatter plot of green
(C58GFP) versus red (PAGHCherry) well signals from a sample 549 well array at various time

points. Outlier wells where C58 outgrew PAO1 are identified after the culture period (green). (C)
Individual growth trajectories from a sample nominal well (well #1109), where PAO1 growth rate

was significantly higher than that of C58 and an outlier well (Well #1223), where C58 outgrew
2 O 1 PSS SSRR 49

Figure 4.1: Microwell recovery arrays for screening micretmécrobe interactins. (i) GFP

expressing focal species are combined with a random combination of bacteria cells from an
environmental microbiome in a stochastic seeding process. Different shapes represent unique
microorganisms. (ii) Cells are trapped within their wells gsaanphotodegradable PEG hydrogel
membrane and monitored in parallel duringeodture using TLFM. (iii) The membrane is ablated

over a target well showing highest or lowest levels of focal species growth using patterned light
exposure, then (iv) isolateseaextracted and recovered from an opened well. (v) Isolates are

Xi
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identified using 16S amplicon sequencing. (vi) Stepsvjiiare repeated in iterative fashion to
remove each commuUNIty Of INTEIESE..........eviiiieiiii i e e e e e 56

Figure 4.2: YR343-GFP growth in monaulture and ceculture within 10 um microwells(A)

TLFM images of a samplesk15 array of microwells after (i) seeding only YR33BP or (ii)
seeding YR343&5FP with isolates from a P. trichocarpa rhizobio(B¢.Growth curves generated

from a sample 900 microwell array during YR3G8P moneculture, or(C) YR343-GFP coe

culture wih rhizosphere isolates. Outlier wells representing growth promoting and antagonistic
communities, respectively were identified from the growth curves............ccccoeiiiieeennnnnnd 63

Figure 4.3: Sequential removal of gromgbromoting and antagonistic communities from an array
subsection after caulture. (A) Microwell array before and after -calture. This 15x15
microwell array contained both a YR343 growth promoting community (blue) and YR343
antagonistic (red) community that were targeted for extraction. (B) Targeted removal of the
microwell community in which YR343 grows to its highest observedpeat fluorescence (top

row, blue outline), followed by targeted removal of a microwell comtguniwhich YR343GFP

grew poorly (bottom row, red outline). Purple area denotes UV exposure area used for membrane
degradation. (C) Maximum likelihood phylogenetic tree based on partial 16S rRNA sequences
(1007 sites) of select reference strains and tisplaextracted from promoted (P) and antagonized

(A) wells. We collapsed the branches of the monophyletic group composed of Enterobacter sp.
and Pantoea sp. strains and the clade of Stenotrophomonas sp. strains. A. tumefaciens C58 was
used as the outgrou@ () organism and the following reference strains were included: Pantoea
sp. YR343, Enterobacter cloacae E3442, Pseudomonas putida S13.1.2, Stenotrophomonas
maltophilia NCTC10259. We labelled nodes with corresponding bootstrap percentage$5

Figure 4.4: Interactions identifid in the MRA can be validated in 9%ell plate format. (A) Left:

YR343 growth curves after inoculation into conditioned media from the antagonistic isolate, the
isolate consortia, or unconditioned media (UCM). The control (green line) is conditioned media
that was not inoculated with YR343 to verify that there was no growth carry over or contaminating
microbes present. Right: Corresponding carrying capacity and growth rates for each growth curve.
(B) Left: Analogous YR343 growth curves after inoculatiomoimbnditioned media from a
promoter isolate or the promoter isolate combination. Right: Corresponding carrying capacity and
growth rates. All growth experiments occurred at 28°C, 215 RPM. Statistical differences were
identified by comparison of growth miets between YR343 culture in conditioned media from
each isolate or isolate mixture and YR343 growth in UCM (Wilcoxongample test, *=P<0.01,

N=6 INAdEPENdENT EXPEIMENTS). ... .iiiiiiiiiiiiiiiee e eee ettt e e e e mmne e e e e e b eseneeas 68

Figure 5.1: MRAs for discovery of isolates that improve the colonization of A. brasilense in maize
roots. (A) Healthy maize crops are picked in the flowering season for extraction of the rhizosphere
microbiome. Stems are cut from the roots, soil is removed, and amotsashed to collect the
rhizosphere microbiome. Different shapes represent unique microorganisms. BX@EBsing

A. brasilense strain Sp7 is combined with random isolates from the maize rhizosphere microbiome
in 10 mm diameter microwells and trappadphotodegradable PEG hydrogel membrane. The
growth of Sp7 was monitored in parallel duringadture using TLFM, and the wells showing

the highest level of Sp7 growth were extracted by selective ablation of the photodegradable
membrane using patternedhit exposure. The isolates extracted and recovered from the opened
wells were then identified using 16S amplicon sequencing. (C) Isolates warecatated with
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A. brasilense on healthy maize seeds (genotype B73), and plant growth studies were canducted t
measure Sp7 colonization in maize roots and resulting plant growth...................c.eeee. 77

Figure 5.2: (A) Taxanomic bar plots of Zea mays rhizosphere enriched samples from roots and
after culture in R2A, TY, and LB media. (B) TLFM images of a sample 15x15 array of microwells
during monoculturef A. brasilense SpGFP or during ceculture of A. brasilense SpBFP with

Zea mays L. rhizosphere isolates seeded into wells at a Sp7:isolate ratio of 1:1. The promoter
outlier well A (indicated by the white square) and the promoter outlier well Bcéteti by the

white arrow) demonstrated the highest-@otht fluorescent signal and growth rate of Sp7. (C)
Sp7 growth curves generated from a sample 900 microwell array during Sp7 monoculture (inset)
= g0 [ o cTox U1 (F ] = SR SRRRRP 85

Figure 5.3Isolate extraction and validation of interactio(®) Sequential removal of symbiotic
communities from Sp7 eoulture with maize root isolates. Target wells were exposed to UV light

in a ring pattern with a 10 pum inner diameter and a 20 pm outer diateet@move the
photodegradable membrane above the well. After degradation, cells were washed out of the opened
wells using R2A media. Yellow arrow denotes bacteria cells during removal from €By&p7

growth curves after inoculation into conditioneddra from each of the six symbiotic isolates or
unconditioned media (UCMJC) Corresponding carrying capacity and growth rates. All growth
experiments occurred at 28°C, 215 RPM. Statistical differences were identified by comparing Sp7
growth metrics in coditioned media from each isolate with Sp7 growth in UCM (Wilcoxon two
sample test, *=P<0.01, n=3 independent eXperiments)...........cccceeuirrieeererrrneiiinnneeeeeeeeens 86

Figure 5.4: Growth of axenic maize seedlings in growth chamber environment. (A) The double
tube growth chanber for accomodating surfsiilized andgerminated maize seedlings
inoculated with ultrapure water (control), Sp7 monoculture, and Sp7 with a promoter isolates. Two
test tubes were attached in a metgtmouth fashion with atporous tape. (B) Growth of the
axenic maize seedlings in the douhibe growth chamber at Day 15. (C) Comparison of plant
heights for each treatment at Day 5 and Day 15 (*, Wilcoxon Rank teatup < 0.01)......... 90

Figure 5.5: SpZ-GFP colonization in Zea mays roof8) Plated colonies after £@old diluted

cell suspensionsdm Zea mays roots in R2A agar plates supplemented with 100 pg/ml ampicillin
and tetracycline. (B) CFU/ml and relative abundance ofGBP from each ecoculation in Zea

L= (010 ] £ PP 92

Figure 6.1: Microwell recovery arrays for screening in the pathogen challenge mode. ({) GFP
expressing Agrobactenn tumefaciens sp. 15955 are combined with Agrobacterium isolates from
Helianthus annus rhizosphere at a cellular ratio favorable for A.tumefaciens sp. 15955 growth.
Here, a limited number of Agrobacterium isolates were challenged against A.tumefaciens sp.
15955 to discover the most potent inhibitors of A. tumefaciens sp. 15955. Here, different shapes
represent unique Agrobacterium isolates. Cells are stochastically seeded and trapped within
microwells using a photodegradable PEG hydrogel membrane to igeteurombinations of
interaction networks and monitored in parallel duringcatiure using TLFM. (i) Wells with

lowest levels of focal species growth were identified as anatagonistic outliers. (iii) The membrane
over the target antagonistic well is erddesing patterned light exposure, then (iv) isolates
inhibiting the growth of A.tumefaciens sp. 15955 were extracted and recovered from an opened
well and characterized using whole genome SeqUEeNnCINg.............coovvvviiccciiiieeeeeeevvinenn, 103
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Figure 6.2: Phylogeny tree for Agrobacterium isolates extracted fromaH#&lus annuus roots

Figure 6.3: The MRA pathogen challenge mode. (A) TLFM images of a sample 15x15 array of
microwells after (i) seedg only Agro 159585FP (monoculture control) (ii) seeding Agro 15955
GFP with Agrobacterium isolates at a ratio of 1:1, (iii) seeding Agro &35 with
Agrobacterium isolates at a ratio of 1:10, (iv) seeding Agro 185BB with Agrobacterium
isolates an ratio of 1:100. (B) Averaged growth curves generated from a sample 900 microwell
array during moneulture and cecultures, (C) averaged growth rates from the 900 microwell
array calculated for monculture and cecultures, (D) % of outliers in eoulture arrays exhibiting
inhibition against Agro 1595&FP. Wilcoxon two sample tests were conducted to compare the %
of outliers in ceculture with the % of outliers in Agro 15985FP moneculture. The % of outliers

in the case of Agro 1595GFP and Agrobactem isolates ceculture at a ratio of 1:100 showed
no-significant differences with the % of outliers in Agro 15956P moneculture. The % of
outliers in 1:1 and 1:10 eculture ratios were significantly higher compared to the % outliers in
1:100 ceculture ratio and hence the Agro 1596%P moneculture (*, pvalue<0.01)......... 109

Figure 6.4: Sequential removal of antagonistic communities from an arraecion after co
culture. (A) Microwell array before and after-calture. This 15x15 microwell array contained
Agro 15955GFP antagonistic (red) community that were targeted for extraction. (B) Targeted
removal of the microwell community in which Agro 1596%-P grew poorly (red outline). Purple
area denotes a ring pattern UV exposure area with 10um inner diameter and 20unametard

used for membrane degradation...............ooviiiiiiieee e e 111

Figure 6.5: Interactions identified in the MRA can be validated inv@8l plate format. (A) Agro
15955GFP growthcurves after inoculation into conditioned media from the antagonistic isolates,
the 9member isolate consortia, or unconditioned media (UCM). The control (black line) is
conditioned media that was not inoculated with Agro 15G@%% to verify that there vgano
growth carry over or contaminating microbes present. (B) Corresponding carrying capacity and
growth rates for each growth curve. All growth experiments occurred at 28°C, 215 RPM. Statistical
differences were identified by comparison of growth metretsveen Agro 1595&FP culture in
conditioned media from each isolate or isolate mixture and YR343 growth in UCM (Wilcoxon
two-sample test, *=P<0.01, n=3 independent experiments). (C) Observations of the follow up
bacteriocin bioassay. The control platesisted of Agro 1595%FP in both center and in the agar
and a uniform growth was observed throughout the plate. Control Agro -TH9B5bacterial
growth is contained inside the red dashed line. The antagonist isolates in the center of the plate
showed a zoe of inhibition surrounded by Agro 159%8%P. Here, bacterial growth of the
antagonistic isolates is contained inside the red dashed line.............cccooviieeeiviiinnniennnn. 113
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Chapter 1: Introduction

1.1 Importance for screening microbemicrobe interactions

The dynamic and diverse microbial communitigly a critical role in therapeutic drug
development[1, 2], crop production[3, 4], highvalue produt development5], bioenergy
production [6, 7], bioremediation of environmental contaminatif8) 9], soil cleanup [8],
digestion of municipal solid®], and enhancement water qualitp]. Theinter-species and intra
speciesnteractions among the microbial population in a natural environment aresbfipad by

factors such as microbmicrobe interations, species abundance, structural organization and
environmental cues. Such interactions facilithte development and success of functionally
important engineered microbial communitjds11]. Despite leveraging from the development of
genomic and metagenomic approaches to determine community structure and species abundance
[12, 13] understanding and harnessing the function of these communities remain ditd¢ult

16]. Gaining a fundanmgal understanding of these factors is important, as this knowledge can be
used to aid efforts to engineer microbiomes to achieve desired outcomes or produce specific
products[17, 18] Despite this knowledge gapncovering important interactions is critical for
understanding natural community structure and function, response to environmental perturbations,
and for design of constructed communitiies engineered outcomesiowever, thelimited
understanding of microbial interactions limits the rational design of synthetic communities in the
majority of applications.

Uncovering the interactions among highly diverse microbial communities requires the
development of higithroughput techrogies capable of combining cellular and phenotypic
observations with the characterization of the interactions and addressing the qualitative, low

throughput limitations of traditional microbiology methods. Traditional microbiological methods



relied on had-spotting different microbes together and could only do qualitative analysis of bulk
populations, making this technology latwoughpu{19]. These methods for probing interactions

are dependent on the bulk-coltures of interacting cell populations in nutrient méilg 16, 20]

With the development of micrand nanoscale fabrication techniques, major improvements has
been made for the advancementshigh-throughput measurement, observation of shoglé
behavior, and precise design and manipulation of the microenvironment. Although, the
conventional high throughput technologies have aided in understanding microhialiem[21],
community response to environmental press{28s24], and physicachemical aspects of the
microenvionments contributing to driving community phenotyg2si 28], they are widely
limited to lowthroughput detection without integrating downstream sample processing steps after
screening.

This research aims to develop a high throughput, operationally simple, yet powerful platform
capable of simultaneously screening thousands of unique microbighcitd@s in a single
experiment using a simple microscope setup across thousands of pairs or collections of root
associated bacterial isolates and microbes. This platform would address the qualitative, low
throughput limitations of traditional microbiologypethods to screen thousands of interactions
instead of a few in high throughput resolution. As bacterial communities can be effectively
influenced by the modification of local environméh, the platform will also be designed to tune

the chemical and physical microenviornments and study their influence on biochemical
mechanisms interaction. This platform will dramatically expedite the rate at which unknown
microbial interactions are discovered and characterized and will uncover edapetdent
interaction mechanisms. With the analysis of bacterialtoatell communication and virulence

mechanisms, this platform will also be developed as a general miogpiwmol for screening



bacterial interactions in any microbiome. This can surely help solve longstanding and emerging
guestions, such as how microbiomes can protect against pathogenic bacteria. To complete these
goals, bacteria cells were cultured on filatform and then removed using photodegradable

membranes to analyze céd-cell interactions between them.

1.2 Emerging Technologies to Analyze Microb#licrobe Interaction

1.2.1 Traditional co-culture methods
The classical approach for screening micraoberobe interaction solely relied drandspotting
different microbes together and monitoring their grqwtbllowed by microscopic and
biochemical identificatiofi29]. The first example of culturkased isolation was demonstrated by
Alexander Fleming, when he accidentally discovered tiesgmce of a colony d?enicillium
notatumin his culture dish containing colonies $faphylococcygaving theway for the era of
antibiotics. But with these traditional met ho

only qualitative measurements can be made from the observation of bulk colonies.

However, these methods require several days for commplanhd are rather timeonsuming30].

Also, culturebased methods sometime lack specificity in selecting or identifying unknown
organisms[31] because most microbes have sophisticated and poorly understood growth
conditions and cannot be readily culturedvitro [32]. As this approach relies mainly on
measuring a bulk populati¢&3], quantitative celto-cell interaction data cannot be obtaifiadi].

Such drawbacks make this technology low throughput.-éefation of Gram staining
(distinguishing betweefsrampositive andGramnegative groups) colony formation, and
antigenicity the capacity of an antigen to bind specifically with a groticertain products that

have adaptive immunitypf many pathogens often make conventional detection methods



inefficient, and new effective control measures and improved diagnostic tools are r¢gbjred

36].

1.2.2 Flow Cytometry
Flow cytometry (FC) is a powerful technology for investigating many aspects of cell biology and
isolating cells of interesDeveloped in the late 1960=C utilizes highly focused, extremely bright
beams of light (usually lasers) to directly reveal aspettcells by the way light is scattered or
indirectly by attaching fluorescent probes to cellular receptors or other cellular components.
Originating from microscopy, blood cell counting instruments, and inkjet printing techrja@gy
FC can be utilized to analyze interactions among bacteria colonies based on their size and
fluorescence propertig87]. High-throughput cell sorting, combined with fluorescent labeling,
allows semiguantitative determination; for example, various protein levels in a population of cells
made FC a successful technology for siragé analysid38, 39] The power of flow cytometry
derives from the fact that it quantitatively analyzes individual cells, thus permitting the

identification of subpopulations within a samplg7].

FC i s -dtheasrttaot ¢ echni que for characterizing dis
high throughput (up to 10000 cellsfepnner. It is also possible oeasure multiple parameters
simultaneously on each céall a timedependent manner, where cells are sampled at different time
points[37]. Conventional FC requires many cells for analysis (at least 100,000 cells), and cells
must be mixed again before the second round of analysis. Hence FC gives information on the
distribution of a group of cells. Likewise, tracking cell divisions using FCaifopmed in bulk

[40]. But, FC was neither designed for handling, manipulating and dynamic analysis of single
cells nor observing spatial localization of fluorescence within a cell. Using FC alone, it is not

possible to gantify individual cell behavior. Also, FC was not designed to culture bacteria while

4



analyzing the interactions. Currently, the limitations of flow cytometry is being addressed by
fluorescenceactivated single cell sorting (FACS) to measure and charaetenultiple cell

generations by using highly specific antibodies tagged with fluorescent dyes.

1. 2.3 Microfluidic devices
Several microfluidic approaches have been developed for studying bacterial growth, interactions,
and behavior in precisely controllghysicochemical environmenf&3, 41, 42] Such devices
make it possible for modification of microbiomes at the sioglielevel and analysis of microbial
synergy and mutualisif22], study quorurmediated behaviors, i.@roduction and secretion of

certainsignaling moleculesalledautoinducerg43] and the role of spatial habitat structure in

driving new community phenotypdd4, 45] The key reasons for the emerging popularity of
microfluidic devices in microbial engineering are the laminar flow of fluids, the requirement of
small volumes of reagents, and short diffusion lenddié$. These attributes promote ease in
creating and accurately controlling the fluid flow in specific microenvironments with automation
[26, 47, 48] This enables high sensitivity, highroughpt, and a high level of control for the
study of ceHto-cell interactions, specifically when studying midfiecies microbial communities

as opposed to study of single species in isoldtidh Microfluidic platforms enable researchers

to perform controlled ecological experiments well-defined ecosystems and facilitate the
characterization of naturally occurring communiti¢8]. Dreschelet al. demonstrated that flow
through soilike porous materials, industrial filters, and medical stents dramatically modifies the
morphology ofPseudomonaaeruginosabiofilms to form 3D streamers, which, over time, bridge
the spaces betweensthcles and corners in nomiform environments. They discovered that the
accumulation of surfaeattached biofilm has little effect on flow through such environments,

whereas biofilm streamers cause sudden and rapid clogfihg


https://en.wikipedia.org/wiki/Signaling_molecules
https://en.wikipedia.org/wiki/Autoinducer

Microfluidic techniques can be effective in isolating and analyzing individual bacteria from
environmeral samples. The ability to confine individual cells can eliminate the need for pre
analysis culturing and provide the opportunity for sirggéd genomics on cells obtained from
natural communitiefs1, 52] This approach has proven useful for characterizing environmental
communities by allowing researchers to Ispecific species to specific community functions or
identify new hosfphage interactiong 2, 23, 52] Liu et al. demonstrated screening of antibietic
resistantE. coli by initially encapsulatingE. coli and g@nerating picodropletgontaining
proliferating cells from those with neproliferating cells[53]. This method can be further
improvedwith quantitative analysis of the bacterial number and scattering signal and sorting

techniques.

1.2.4 3D printed bacterial communities
Mimicking ecological microenvironments can play a vital role in understanding interactions within
bacterial communite For example, varying the geometry of the microenvironment the
microbiomes reside in can prove effective in modifying parameters that influeneeeltell
interaction between two species. Synthetic ecosystems can use bacterial communities inhabiting
engireered landscapes as model systems for sommbiology studie$l]. The ability to track
large numbers of individual cells competing in complex landscagé®s synthetic ecosystems
ideally suited to test ecological predictions for a microbiome. The opportunity to probe the same
community in diverse ecological scenarios is valuable for elucidating bacterial social behaviors.
Hol et al. showed thain a spatally structured habitat, two strains of bacteria only compete with
their local neighbors and selfganize into a structured community in which they cod%4}.
Connellet al.developedamicl D printing strategy for creatin

to investigate the interaction and integration of multiple bacterial populations within essentially



any 3D arrangemefB5]. In his approach, bacteria were mixed with gelatin and a photosensitizing
molecule and cooled to ambient temperatures to suspend bacteria at various 3D positions
throughout thethermally set gel to maintain cell viability56, 57] Then twephoton
polymerization was used to crosslink gelatin into a hydrogel and achiexragibprotein hybrid

structures for cell encapsulation.

Enclosures of specified geometry are fabricated around one or more bacteria providing the ability
to print populations of bacteria with submicr
mechaical and chemical properties can be tuned by adding desired proteins, such as BSA, to the
fabrication gel. Bacteria embedded in a thermally set gelatin precursor are dispersed in three
dimensions, allowing multiple populations of cells to be printed inptexnconfigurations that

can have definable chemical and physical hatamnectivity. Two such enclosures containfhig
aureusandPseudomonasaeruginosa were prepared by nesting Staphylococcus aureus
microcolonysurroundedy P. aeruginosaon all sides[55]. Each suspension containing a single

species was nested in a 3D printed enclosure and suedinyda suspension of another species.

While separated by a highly porous material like geldtiny showed that a picoliteolume

aggregate oS. aureux oul d di spl ay s u blactan antibiotecd by enelesures t a n ¢
within a shell composed &. aeruginosalt can be seen from their results that the presene of
aeruginosan the outer shell improved the survival percentag8.aureusn the core enclosure,

showing better antibiotic resistance. This is surely a novel approach to study diffusional
interactions between two species. Nonetheless, being able to study the interactions between a pair
of speciesnakes it lowthroughput, and not watlositioned to explore an entire microbiome where
potentially thousands of unique species are present. For dhn@ighput study of interactions

within diverse microbiomes alternative approaches are neccesary.



1.2.5 Cell microarrays
A cell microarray isa microscope slide printed with thousands of microscale spots in defined
positions, with each spot containing living ce[B8]. Scientists have previously used cell
microarraysfor probing and screening of extracellular matrices and phenotypic functions of
specific genes of bacter[&9]. In most cases, cell microarrayse some surface functionality
(lectin, antibody surface functionalization) to isolate and profile cell populations in a high
throughput fashionLectin microarrays are printed on a solid support for profiling of glycome
within a cell or tissu¢60, 61] There have been applicationsnoicroarrays containing cells and
extracellular or genetic materials to investigate the interactions between individual cell[§@&wth
63], physiological differentiatiofi64], secreted proteirf§5], polymerg66] and small molecules
[67], microenvironmental heterogenefBB], and resistance to liquid wetting and gas penetration

[69, 70]

Cell microarrays are inherently highroughput and typically require low reagent consumption

[71i 73]. But the agglomeration of ce[l84], leading to neighboring effects due to the homogeneity

of culture medid72] 1 i mi t s cel | mi c r o a rthroagypstécreenmn@. atosi | 1 t i e
phenomenon paves the way to crosstamination and makes high throughput -adherent

cellular studies difficul{75]. As a result, the association of medium and cells with surf@ées

77] and the separation of cell agglomerates are mandatory.

1.3 Microwell Recovery Arrays to Screen Symbiotic and Antagonistic Interactions

Microwell recovery arrays (MRA) consist of higiensity, compositionally unique, independent
array of wells to partition bacteria into small culture sites. The growth of a fluorescently labeled
bacteria in an array of microwells can be tracked using tapsel fluorescent microscopy. In

MRAs surfaceassociated bacteria construct biofilms and pattern spontaneously on periodic



nanostructure array|§8]. The variety of micro and nanoscatgology of a surface can highly
influence attachment such communitj@8]. An array of microwells with different pitches can
modify various microenvironment parameters easier while confining multiple species to study
inter and intrespecies interactions. Microwell arrays can isolate species ligr within the
microstructures by varying the microenvironment properties while maintaining cell viability and
functionality for a relatively long period and individually controlling microenvironments in each
culture unit. In order to maintain physical aegtion of culture units, arrays must be sealed with
heavily weighted covel80] or mineral 0il[81, 83 . Microfluidic perfusionculture systems have

also demonstrated the capability of letegm cell culturd83, 84]

Microwell arrays have been coupled with fluorescence-tapse microscopy to track parallel
growth of bacterium from replicate microscale bacterial populations in controlled
microenvironments, as demonstrated by Haesah, whereP. aeruginosayrowth was monitored

in 20 em diameter microwell arrays in a highl
confinent[85]. It is also feasible to accommodate two different species of bacteria expressing
different fluorescent markers in a microwell format to track individual species for stadi}-td-

cell interactions. . Alteration of the structure and depth of the microwells can enhance the trapping
of specieg86]. Thus, investigating multispecies interactions via microwell arrays can be a viable
option, leading to future studies with monoculture and rauiltiure studies, genome sequencing,
guorum sensing, and other characterization experiments. Modifications of these microwell arrays
can be possible when the communities or populations of bacteria are instead trapped within a single

hydrogel[87].

1.4 Thesis Approach and Central Objective

The main objective and focus of this dissertation are to outline high throughput microwell recovery



arrays (MRA) combined with advanced bioinformatics techniques for the simultaneous detection
and screening of microbial interactions across thousands giasitionally unique communities

to discover bacteria collections that antagonize or promote the survival and growth of bacteria with
an important function. The workflow of MRAs include stochastic seeding of a fluorescently
labeled focal species with a knoweneficial function (i.e., plant growth promotion) or detrimental
function (i.e., pathogenesis) with an environmental isolate mixture from a plant/soil microbiome
of interest into an array of microwe[R5] to confine interacting cells together in small microwells
(diameter =10 um). Confinement of the cells in such small length scales mimiareditn of
multispecies biofilmg88] in natural environment and facilitates intallular interaction$89].

Cells are then trapped within the wells using a photodegradable polyethylene glycob@ea)
membrandgdeveloped in Chapter #890] to co-culture and track the growth of the fluorescently
labeled focalstrain with timelapse fluorescent microscopy (TLFM). Then a Polygon 400
patterned light source is used to extract cellular communities showing highly enhanced or
diminished focal species growth in any individual well $yatiotemporally degrading the
memlrane above the target well and recover the interacting cells by releasing them into a solution.
The proofof-concept of MRAs demonstrated here enables sequential screening and isolation of a
microbial community from any well of interest indicating the ik phenotype, identify the
interacting strains using advanced sequencing techniques, and validate the interactions-in follow
up bioassays.

This report will detail the development and application of the MRA, beginning with development
of the hydrogel mebrane (Project #1), use of the MRA to explore interspecies interactions
between a model interaction pair (Project #2), and application of the MRA to discover critical

microbemicrobe interactions iRopulusrhizosphere, in effort to promote the productbmoody
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biomass for use as a biofuel feedstock (Project #3), application of MRA for enhancing the survival
and colonization of commercial nitrogéring, plant growthpromoting bacteriaAzospirillum
brasilense into maize roots to improve crop yield ¢fct #4), use of MRA for screening non
pathogenidAgrobacteriumsolates for the growth inhibition of pathogedidcumefaciengProject

#5).

1.4.1 Project #1 Development of photodegradable hydrogel membrane for selective

extraction of microbes
The need foextending the higlhroughput screening capabilities of microwell recovery arrays
from microscopic observations of fluorescently labeled bacteria to subsequent genetic and
phenotypic characterizations necessitates the development of a cell retriegathgdpr off chip
validation of the interactions observed on chip. The utility of such cell retrieval approach can
successfully get extended towards combining microwell array measurements, selective extraction
and subsequent enrichment of cells from wells t h fiomi co6 technol ogi es
sequencing, wholgenome sequencing, RNgeq, etc.)In project #1, in collaboration with Dr.
Andre van der Vliesa new cell retrieval approach was outlined using a semipermeable,
photodegradable membrane that piggrthe exchange of nutrients and waste products and seals
motile bacteria within microwell§90]. For the development of the workflow, novel, light
responsive, stepolymerized poly(ethylene glycol) hydrogel membrane was used to trap
Agrobacterium tumefacienseeded in silicon microarraysgrobaderium tumefacienss an
economically important plant pathogen which causes crown gall disease in[plard®] The
endpoint observations of mChgrexpressingA. tumefaciensell growth in microwells were
tracked using TLFM and the photodegradability of the membrane was utilized to release and

retrieve viable cells from the individual wells of interest by exposing to patterned UV light in a
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spatioemporal manner. This materidhsed approach was later used to perform bacteria retrieval
with a high degree of spatial control and adapted to screening interactions in model-armmtisbn

interaction systems.

1.4.2 Project #2Exploiting stochastic celluhr processes of a model system to

generate outlier communities with rare phenotypes in microwell arrays
The microwell array platform was developed as a general microbiology tool for screening
interactions in any microbioméhe goal of this work was to investigate the idiacterial
interactions in MRA format between two ubiquitous and wlefined microbe#\grobacterium
tumefacien@ndPseudomonas aeruginasaince A. tumefacienss an important model and the
causative agent of Crown Gall disease in pl§d8, extensive studies have been conducted to
studyt 6 s 1 mp amidrobeosignalngO4]tbacterial celto-cell communicatior{95] and
virulence mechanisn{96, 97] Her, the MRA proofof-concept was developed by combinig
tumefacienswith P. aeruginosaa human pathogen previously demonstrated to suppgtess
tumefaciengrowth in biofilms[98], in MRAs to study the model interactions between the two
microbes.The study of the competitive factors between these two model bacteria produced novel

insights for the deelopment of the MRA workflow for namodel systems.

1.4.3 Project #3 Application of microwell arrays for the screening of positive and
negative interactions in nonmodel systems
The goal of this work was to extend the MRA screening capabilities to-madel focal species.
For this, we chos®antoeasp. YR343. YR343 is a Gramegative, plant growtpromoting
bacteria (PGPB) isolated from the rhizosphere of an eastern cottoriRepodus deltoidesree
[99, 100] As P. deltoidesis a promising biofuel feedstod01], uncovering interactions that

influence the function of beneficial organisms in its rhizosphere has received intenset inte
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recent yearg102 104]. YR343 can also colongzTriticum aestivumroots to stimulate food
production [100, 103, 104]and hasgarnered interest in antibiotic productigh02, 103]
bioremediation and waste recyclid@5, 106] and cancer treatmedi07, 108] On the other hand,
otherPantoeasp. are pathogenic in plants, muails, and human systems. Thus, uncovering unique
sets of organisms that can either promote or inRidittoeagrowth, as demonstrated here, has use

in several contextd09].

1.4.4 Project #4 Screening and discovery of plant growdpromoting bacteria to

enhance plant growth using microwell recovery arrays
To address the negative impacts of commercial chemical fertilizers and pesticides on the
environment and human health, more emphasis is given to biofertilizers, i.e., plant-growth
promoting bacteria (PGPB) inoculants capable of enhancing plant growth riaficiedly
interacting with the plant root microbionj#10i 113]. This project aims to develop microwell
recovery arrays (MRAS) to screen symbiotic interactions between rda@aer(ays..) rhizosphere
microbiome andAzospirillum brasilensea commercially available diazotroph PGPB, to improve
its survival and colonization into maize roots and enhance crop Yelgtasilensds the most
widely adopted diazotroph. It displays versatitea@d Nmetabolisnj114]. It also promotes plant
growth through additional mechanisms, including phytohormone prodyéti&h development
of stress tolerancid 14], biocontrol of phytopathogen$16], solubilization of phosphatg$17]
and production of siderophorgkl8]. Since maize4ea maypis a horleguminous crop of great
significance in food production, consistent efforts have been extended towards understanding the
association and colonization of diazotrophs with m§id&i 121]. However, the broad adoption
of N-fixing PGPB for the growth promotion of maize is impaired by the lack of knowledge on

different symbiotic planbacteria interactionfl12, 113] Successful establishment of a PGPB
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inoculant in the root of neleguminous plants is widelyegpendent on symbiotic interactions
between the PGPB and the species present in the plant rhizosphere and endosphere microbiome
[1221 124]. Therefore, identifying symbiotic bacteria that improve the growth and survival of

A.brasilensan Zea maysoots iscritical for biofertilizer development

1.4.5 Project #5 Screening of biocontrol agents forigease prevention in plants
This project aimed to screen pathogeAic tumefaciensSP.15955 against hundreds of non
pathogenicAgrobacteriumisolates collected from Kansas native plant roots to discover new
Agrobacteriumstrains capable of suppressing #stablishment of this pathogen. The MRA is
adapted to a pathogen "challenge model" that is designed to select and isolatepiihogenic
Agrobacteriumisolates that are the most potent inhibitors of pathog&nitimefaciend5955.
Here, a small numbeof A. tumefacienssp. 15955 expressing GFP were combined with
Agrobacteriumsolates extracted from the rootsH#lianthus annuuplants and seeded iraorays
of 10 um diameter microwells in different cell ratioko effectively "challenge” candidate isolates
againstAgrobacteriuml5955 Agro 15955GFP hereafterthe number oAgrobacteriumisolates
in each well is sequentially reduced. Wells that shosatest inhibition oAgro 15955GFP at the
lowest ratio areidentified as the most potent inhibitorg/ith the extraction and recovery
capabilities of the MRASs, the collection Afyrobacteriumisolates most capable of diminishing
Agro 15955GFP are sampH for followup phenotypic characterization with whajenome

sequencing techniques.
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Chapter 2 : Development of photodegradable hydrogel membrane for
selective extraction of microbes

2.1 Overview

Microwell arrays are important tools for studying single belhavior and ceitell interactions,

both in microbial and mammalian systems. However, retrieval of cells from microwell arrays with
high spatial precision remains a major technical hurdle that prevents dgliogenetic and
phenotypic characterization a@klls within observed microwells. This work describes a new,
materiatlbb ased approach to grow and retrieve |ive
microwells in an array using the plant pathog@nobacterium tumefacier@s a model bacterium.

Our approach uses a lighgsponsive, steppolymerized poly(ethylene glycol) hydrogel interface
as a membrane that confines motile cells within microwells while allowing nutrient exchange and
cell growth. The key design feature is thieotodegradability of the membrane, as it enables
individual wells of interest to be opened using patterned UV light for selective release and retrieval
of cells. Extraction can occur in parallel from any number and combination of wells defined by
the use. These advancements represent a new use foirrégpbnsive hydrogels and the ability to
retrieve cells from microwells with high spatial precision enables several applications that require

the isolation and characterization of cells with rare phenetfpen heterogeneous populations.

* Manuscript appearing in: An@J. van der VliesNiloy Barua, Priscila A. Nieve®tero,

Thomas G. Platt, and Hansen R.R. On Demand Release and Retrieval of Bacteria from
Microwell Arrays Using Photodegradable Hydrogel MembraA€S Applied Bio Material<,
2661276 (2019). doi: 10.1021/acsabm.8b00592
Reproduced with the permission from the American Chemical Society.
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2.2 Introduction

Microwell arrays allow for higkthroughput manipulation and study of cells. These platforms have
several key features including their small size, high well density, arsk egith

which they allow for cell confinemefit2, 125 128]. In recent years, microwell arrays have been
used to probe single cells to understand cellular heterogg¢h28yand rare cell functiofiL30],

among other applicationd.31, 132] While the majority of microwell applications focus on
mammalian systems, microwellealso useful in the study of microbial systems. These platforms
have been used to examine mutant librd88%and to characterize the growth dynamics of single
bacterial cells[133]. If microwells are large enough to confine multiple cells or designed to
promote exchange of materials between wells, they become excellent tools for studywed cell
interactiong12, 25] In this context, microwell formats have been used to examine the ecological
dynamics of microbial communities under selective environmental presftire$4] the
conseqguences of contaniedated interactionfl34], and quorum sensirj$33, 135] Despite the
plethora of current applications, a critical limitation often exists: cells remain in wells during the
entire analysig10]. As a result, characterizations are typically limited techip fluorescence

based measurements. The utility of microwell arrays, particularly in screeninggsippk, could

be significantly expanded if cells of interest could be removed from individual wells for
subsequent genetic and phenotypic character
technologies (e.g., 16S rRNA sequencing, whole genome seqgeritihA-seq, etc.) with
microwell array measurements could be enabled if selective extraction of cells from wells and in
some cases subsequent enrichment through culture is achieved. For example, microwells could be

used to examine a large number of muggamotypes for a target phenotype during a mutant library
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screen but would require subsequent isolation of selected mutants from individual wells for
mutation mappingl0, 136]

Hansen and cworkers recently reported a microwell screening platform designed to probe
mi cr obeTl mi cr ¢85,d34[137tL39]rAtthough tbispkatform had the benefit of high
throughput measurement, it had limited characterization capabilities due to the lack of cell
retrieval. Kim and cavorkers recently addressed this problem using a manual capillary driven
bacterir et ri eval strategy [E]Thisapdrdach allows fodcellaetmievile r we
however, it requires relatively large microwell sizes. Additionally, their strategy makes individual
microwells closed systems with limited nutrient flux due to the use of fluorinated oil to
compartmentiée the wells. These constraints motivate the development of new materials and
interfaces that enable efficient nutrient exchange as well as selective extraction of live cells from
microwells at improved spatial resolutions.

In this paper, we outline a wecell retrieval approach using a semipermeable, photodegradable
membrane that permits exchange of nutrients and waste products and seals motile bacteria within
microwells. The photodegradability of the membrane enables individual wells of interest to be
opened using patterned UV light for selective release and retrieval. The proof of concept studies
use a lightresponsive poly(ethylene glycol) (PEG) hydrogel as a photodegradable membrane and
silicon microarrays seeded with the bacteriigrobacterium tumeftiens the causative agent of
crown gall disease in a wide range of plants including apples, walnuts, and sunfidjets is
common among bacteria, the success of this plant pathogen is heavily influenced by interactions
with other bacteria, many of which are unknof®8]. The platform allows tracking or endpoint
observation of cell growth based on fluorescence intensity measurement of ya€{peassing

A. tumefaciensniside of microwells. Using a light patterning tool, selected microwells can be
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Figure 2.1: Concept of on demand release and retrieval of bacteria from microwell asiags
photodegradable membrane. (A) Microwell array (blue) is seeded with fluorescent cells (
are confined to the wells by attaching a membrane (yellow) that supports cell growth. Irr
with light (yellow arrows) degrades the membrane@mehs selected microwells after which ¢
can be retrieved. (B) Photodegradable membrane is made by reacting a four atmoPGie
with a photodegradable PEG diacrylate (red with green dot) by a Mitgheebddition reactio
(C) Polymer network fothe membrane is degraded when the photodegradable nitrobenzy
(green) present in the crosslinks is cleaved by light (yellow circle) and the polymeric 1
products dissolve in the aqueous medium. (D) To seal seeded cells (red) into micraivehs
photodegradable hydrogel, we placed a glass slide with a mixture of the four arthiBIEAB(C
PEGdiacrylate (cyan) on top of the seeded microwell with spacers (peach) in betwe
membrane precursor solution mixes with the medium (white)enid wells and crodmks tc
form the membrane (light blue). After the glass slide is removed, the membrane swells
when placed in the culture medium.

opened individually or in parallel, thereby allowing subsequent retrieval of viable cells. This

materiatbased approach affords a high degree spatial control over bacteria retrieval and can be

adapted to other higtihroughput screening formats. For these reasons, we expect that this
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approach will be a powerful tool for microbiome engineering effagsvell as other applications
where screening or studying cellTcell i nterac
2.3. Results and Discussion

2.3.1. Concept and Material Selection.
A key feature of oustrategy for ordemand release of bacteria from microwell arrayshés t
attachment of a photodegradable membrane (yellow) on a silicon microarray (blue) that confines
motile, live cells (red) in the welld={gure 2.1A). The membrane forms a physical barrier that
prevents bacteria from escaping the microwells dlaiws diffusion of nutrients, oxygen, and
metabolic waste products. The membrane can also be locally degraded by bacteria to generate
space for growth within the wells. Light irradiation of selected microwells opens the wells,
allowing for retrieval andltaracterization of the present cefsgure 2.1A).
Hydrogels are crosiinked networks of hydrophilic polymers that have a high water content and
tend to swell. Hydrogels are widely used for sustained drug delivery systems, tissue engineering
applications nonfouling coatings, and material adsorpt[@40]. Because of their high water
content, biocompatible hydrogels are walited for use as the membrasmeclosing bacteria
within microwells required for our on demand cell retrieval scheme. Anseth amndrkers[141]
reported the development photodegradable hydrogels using the taiotylate Michaetype
addition reaction between functionalized multiarm PEG polymers pioneered by Hubbell et al.
[142].The photodegradability of these hydrogels stems from the incorporation of-aléghable
nitrobenzyl group within their network structure, which allows for a controlled decrease in cross
linking density throughout the network upon light exposut@éégoint of reversgelation. These
materials allow for high spatiotemporal control over degrad4fid8] and are nontoxic to cells

[143, 144] and their agueous nature permits transport of nutrients and waste pdda¢to
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support bacterial cell growth within microwells. For these reasons, we identified photodegradable
PEG hydrogels as a good material for use as responsive membranes over microwells. To generate
membranes, a steggrowth polymerization mechanisitihat uses a tetrfunctional PEGthiol
crosslinker and a photodegradable Pdi&crylate was use(Figure 2.1B). A key advantage of
this polymerization approach is that it generates hydrogel networks with uniformlinkisg
density and microstructure Jalving for uniform diffusion across the arrgi41].

2.3.2. Membrane Attachment to the Microwell Array.
It was reasoned that the swelling properties of PEG hydrogels, i.e., the increase in volume by
adsorption of water, could be used as a means of attaching the membrane to the microwell array.

PEG hydrogels are prepared by mixingG 8iacrylate with multiarm PEG thiol at basic pH to

&

Figure 2.2: Confocal images of the membrane attached to a microwell array. Scf
representations of the microwell viewed in the (A) xy and (B) xz planes to aid interpreting
in C and D. (C) Fluorescence signal, indicating fluorescein labeling of the PHf@ge
membrane, coming from the xy plane along the green line in the xz plot shown in
Fluorescence signal coming from the xz plane along the red line shown in the xy plot i
Proposed locking mechanism for membrane attachment. The membganespr solution mixe
with culture medium (white) and crosslinks to form the hydrogel (light blue). When pla
culture medium the membrane swells (yellow) creating forces on the walls of the mic
preventing detachmental eMibcaroowell 00 secinz,e :( n
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form the crosdinked network[142]. This precursor solution can form a thick film on the
microwell array and move into the microwells before complete dnolsigg and gelation occurs.

Upon immersing the microwell array in culture medium, swelling of the crosslinked polymer
network can then lock the membrane into place and seal the micrgauelenting motile bacteria

from moving out Figure 2.2E). Physical attachment of the membrane to the microwell array may

be facilitated by the scalloped sidewalls of the microwells resulting from the Bosch etching process
[85]. In this way, attachment of the membrane could be achieved without the need for a reactive
surface.

To test the attachmentrategy, we first filled microwells with LB medium and prepared them as
shown inFigure 2.1D. Upon removing the glass slide, the membrane remained firmly attached to
the microwells and no membrane movement was observed after incubating the array in LB
medum for 2 days (n= 2). The number of microwells per unit surface area appeared to be critical
for stable membrane attachment. Microwell arrays with large blank areas, i.e., areas without
microwells showed membrane detachment within several hours when pldd@dnedium. To

verify that membrane attachment occurred through an anchoring mechanism, we used confocal
laser scanning microscopy to obtain thdmensional reconstructions of fluorescently labeled
membranes on the microwell array@gure 2C, D). Beause of its nonfluorescence, the silicon
microwell array appears black whereas the membrane appears green after labeling the membrane
with fluorescein (for details see section 4.8 inExperimental SectignThe membrane is present
throughout microwellsvi t h observed diameters (100 &e€m) anodc
well dimensionsKigure 2.2). Similar results were obtained for microwells with 4, 20, 40, 50, and

60 em diameters (data not shown) . Swelling o

membrane thickness after arrays were placed in LB medium. Hydrogels were observed to be
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approximately 150 em thick despite having bee

spacers, suggesting that swelling had occurred.

2.3.3. Bacteria Can GrowwWhen Encapsulated in the Hydrogel Membrane Material.
A potential limitation to attaching the membrane to the microwells via the anchoring mechanism
described in the pwious section is that the membrane may occupy well space required for
bacterial growth. However, these photodegradable PEG hydrogels have ester groups in-the cross

links that in theory could be degraded via hydrolysis, as has been reported faortamg

o ; Tt
A L3 =

Figure 2.3: Confocal images of. tumefaciensfter encapsulation inside the membrane
different time points. Bacteria in the hydrogel were fixed after (A) O, (B) 10, and (C) 24 h
acquiring fluorescence confocal images. (D) Bacterial clusters are present in the hydrc
after encapsuteon (differential interference contrast (DIC) image). Thiol concentration: 35
acrylate concentration: 35 mM. Scale ba

PEG hydrogel§146]. We reasoned that the presence of the ester structure throughout the hydrogel
network should allow for bacter@dependent network degradation. Consequently, bacteria
embedded within the hydrogel membrane should be able to grow within spaces that tedyycrea
locally degrading the membrane. To test this, we encapsulated A. tumefaciens cells expressing the

fluorescent protein mCherry by adding the cells to the membrane precursor séligioe G1).
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After gelation, individual bacteria cells encapsulatetthivw the membrane could be observed by
microscopy (data not shown). After 24 h, the membrane itself appeared opapue G2A, B
indicating that bacteria had grown within the membrane (n = 4). This was confirmed by
microscopy which showed the presepntéarge (264 0 ¢ m) c¢c | u Bigue 68X0). Thdése c el | s
clusters also formed inside membranes prepared at higher thiol/acrylate concentrations (35 mM
instead of 22 mM)Rigure 2.3, Figure S3A, B. Membranes were fixed at different time points to

see howthe initial single bacteria grow into larger clusters over the course of 1 day. To confirm
that the bacteria inside these clusters were alive after 24 h, we placed unfixed membranes in LB
containing triphenyltetrazolium chloride (TT{)47]. This compound is colorless but is reduced

by metabolically active bacteria resulting in the formation of pink, wiateuble crystals. When

TTC was added the membrane turned pink and microscopic observation showed the presence of
crystalsindicating that the bacteria in the clusters were akrgure S3C (n = 3). The mesh size

of PEG hydrogels is typically in the nanometer rafigs). For this reason, it unlikely that the

space occupied by the observed clusters of bacterial Eallsré 2.3) was initially present in the
membrane. The presence of the large clusters also suggests that the mesh size of the membrane
allows for sufficient mass transfer ofitrients to support bacteria growth. To further investigate
mass transfer from the wells, we loaded GFP protein (MW = 27 kDa) into the wells, attached the
membrane, and monitored well fluorescenEgre 2.4). Although protein aggregation and
adsorptiorto the well walls may impede GFP diffusion, the decrease in well fluorescence intensity
over 10 h indicates that the system allows for diffusion of nutrients and large biomolecules. PEG
hydrogels formed with higher polymer concentrations and a smaller simsfi48 150] also
supported the formation of large clusters of viable bacteria (data not shown). Finally, to quantify

the effect of the hydrogel on cell growth and metabolic activityem@apsulated A. tumefaciens

23



in the hydrogel and compared its growth to the same number of cells grown in suspension using
the TTC assay. Bacteria encapsulated within the hydrogel showed 40% reduction in metabolic
activity compared to those grown in suspengFigure S4). Because TTC measures metabolic
activity, this reduction could be explained by lower cell numbers and/or less metabolically active
bacteria in the hydrogel compared to those grown in suspension.

2.3.4. Culture of Cells in Microwell Arrays with Attached Hydrogel Membranes.
Our platform requires that the photodegradable membrane both prevents cells from leaving
mi crowell s and does not interfere with cell

diamder wells, fluoresceitabeling of the hydrogel shows that the membrane is present
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Figure 2.4: GFP diffusion from the wells. (A) Timkpse fluorescent images of wells &
loading them with GFP, membrane attachment, and soaking in 1X PBS medievef@ye
fluorescence intensity from the wells at each time point.
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throughout these microwells with localized spots of higher fluorescence intdfigityd 2.5A,

left panel). These spots spatially correspond to the location of the sessledabFigure 2.5A,

middle and right panels). We propose that reaction of fluorescein maleimide with thiol groups
present on the bacteria result in cells having fluorescent signal in both the green and red channels.
To show that the bacteria can grow with the membranehaiato the array, we seedéd
tumefaciensat the same optical density but kept the microwell immersed in medium for 24 h.

Consistent with bacterial growth, there is an increase in the red fluorescence signal following this

A

Figure 2.5: Confocal images of A. tumefaciesseded microwell array with an att@c hydroge
membrane. (A) Fluorescence intensities 3 h after cell seeding coming from the xy plane i
green line and the xz plane along the red line. Left panel green fluorescence fludedsslet
membrane; middle panel red fluorescence of tdetdvia; right panel overlay of both. (B) Sam
A but after culturing for 24 h. Sampl es
seeding OD = 0.2; scale bar = 20 ¢&m, n
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incubation Figure 2.5B, middle panel). Further, bacteria are present above the silicon/membrane
interface Figure 25B, middle and right panels). Although8 e m spacers wer e
hydrogel preparation, the thickness of the membrane is much greater due to swelling of the

me mbr ane i n t he culture medium (approxi mat e
approxi mately 40 & m agihatbactertamrade the mambrane.ddowever, i n d i
membrane degradation appears to occur mainly in-theeztion, with relatively little degradation

occurring in the x and-directions(Figure S5) For this reason, we observe no mixing between
neighboring wds over the 24 h time period required for grofiigure 2.5B). Although we did

not observe mixing of cells from neighboring wells in our experiments, this might not be the case

for other bacterial strains or experimental conditions. For this reason, use of this platform may

A B

Figure 2.6: Microwellscanbe opened by degrading the |
after membrane attachment, (B) patterned light during irradiation (blue), (C) after irradiat
and after | abeling with fluorescein madon
time, 5 min; l i ght outoput, 1.4 mW/ mm2;
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require optimization of experimental conditions such as bacteria seeding density or further
optimization of microwell design.

In summary, these observations indicate that the membrane polymerized over a seeded microwell
array serves as an effective barrier that compartmentalizes the microwells while allowing bacteria

to proliferate inside of the microwelbscritical requiremenwhen screening for growth or growth

inhibition. The process of attaching the membrane and observing growth is robust and has been
carried out many times (n = 22). Although we have not experimentally determined an upper limit

of assay time, based onthedege of membr ane degradation obse
the membrane thickness (& 150 em) it is estim

least 3 days in its current configuration.

A

52 5 R
Figure 2.7: Membrane degradation of bactes@eded microwells leads to bacteria release. B
field and fluorescence i mages (A, B) ©be
the Polygon400. A. tumefaciens was seede@@ = 0.2 and cultured for 2 days. Exposed
120 em circl e; irradiati of tsicrad,e S ami rr;
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2.3.5. Membrane Photodegradation and Cell Release.
Theability to selectively open microwells is critical for our application. To demonstrate this, we
used patterned illumination with the Polygon400 to degrade the membrane over, and thereby open,
targeted 45 & m (Bigue . Teconfirmmerbranewedradation has occurred
only in irradiated areas, we labeled the membrane with therdactive fluorescein maleimide
dye and observed by fluorescence microscopy. As expected, irradiated areas are devoid of
fluorescent signal indicating that polgmnetwork degradation is localized to directly irradiated
areas.
To demonstrate the ability to release bacteria from microwells, we seeded A. tumefaciens in 60
em wel | s, agréowdor2 dhystahdehen irradiated the membrane with (Fggure

2.7). As expected, the polymer network degrades, opens the microwells, and releases cells. A few

Figure 28: Ef f ect ofirra'ai time on bact
were irradiated as indicatedferi t her 1, 2, 3, 4, or 5 mi
course of 10 min. Light output 0.7 mW/  m
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minutes after light exposure, bacteria move to the irradiated area next to the mi¢Foyuek

2.7C), whereas other cells stay in the microwElgure 2.7D) (n = 6). Notably, localized clusters

of cell fluorescence present within microwells prior to irradiaijbigure 2.7B) are no longer

visible after irradiation. Instead the fluorescence signal observed within irradiated microwells
appears diffuse, suggesting that cells remaining in wells are no longer structured into clusters by
the hydroge(Figure 2.7D). Thus, under thessxperimental condition&. tumefaciensell clusters

appear to be readily removed upon light exposure, corresponding to the release of bacteria. This
may not be true for all experimental conditions or bacteria, and so additional sample processing
may be recessary in cases where bacteria remain as stable cell clusters or biofilms after irradiation.
The Polygon400 allows spatiotemporal control over membrane degradation. To examine how
irradiation time at a fixed light intensity impacts bacteriareleaseZrdm ¢ m di amet er mi ¢
we irradiated adjacent microwells for 1, 2, 3, 4, or 5 (Rigure 2.8A). Cells were observed
moving out of all of these wells by 5 min after irradiatigtigure 2.8D), however cells were
observed exiting microwells that wereadiated for longer periods of time only 1 or 2 min after
irradiation(Figure 2.8B, C).

A benefit of this method is that any number and combination of wells can be simultaneously
opened, enabling parallel extraction of cell populations, if desired. Tordrate this, ten nearby

50 em diameter microwells were si (rigirea280hA,eousl vy
B), resulting in cell releas@-igure 2.9C, E) and membrane degradati{frigure 2.9D, F) from

each targeted well. The celependent fluoskence signal drops to background levels after
washing the microwells with LB medium showing that the bacteria can be reiftogace 2.9E).

The release of bacteria can be seumntified by measuring the fluorescence intensity from the

individual wells béore and after opening. The fluorescence intensity of opened wells decreases by
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about 60%Figure S6) consistent with our observations of cells are leaving the microwells after
irradiation. After the wells are washed, the fluorescence intensity of opatisdirops by another
30%, suggesting that most cells can be removed.

2.3.6. Retrieval of Bacterial.
To verify that bacteria from selected wells can be harvested from wells and cultured forupllow
analysis, opened wells were washed with an extraction medium. Washing after well apaning
easy and straightforward approach to retrieve cells. Additionally, this approach allows easy

verification that bacteria have been extracted by using a microscope to inspect washed microwell

A B

Figure 2.9: Several wells can be opened simultaneously using the Polygon4@Q.t(A)efacier
expressing fluorescent mCherry was seeded at OD = 0.2 and cultured for 1 day. (B) Simi
irradiation of ten 50 em micr ow®llF m&/mma (C
Microwells that were irradiated show diffuse red fluorescence due to the moving bacte
Fluorescein maleimide labeling confirms membrane degradation. (E, F) Same as C and C
washing with LB medi um.neo8scopehirg oftraltiple welldhab
done numerous times (>20).
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arrays (e.g.Figure 2.9E). To show that we can retrieve bacteria from selected microwells, 72

microwells (4650 em i n di ameter) wer gFigarp 87h Ehd arrays

four

were then washed with extraction medium (LB with 0.05% Tween20) to remove the bacteria from

themicrowells. To show that the bacteria were viable and could be enriched, the washings were

cultured overnight in a polystyrene well plate. As a control to show that the isolated bacteria

originate from the opened microwells, the microwell array was alsbedawith the same volume

of extraction medium prior to the well opening. The washings taken from opened wells showed
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Figure 2.10: A. tumefacienssolated from microwells are viable and can be cultured. (A) Tc
72 microwells (40750 em in diamet er g of the

membrane with LB with 0.05% Tween20, the solution was placed inside a plate reader
OD tracked over time. Washings after opening the microwells (rhombus) show an increa:
over the course of 16 h whereas washings before opening theamils (circles) do not shc
bacterial growth (n = 3). (B) Quantification of bacteria colony forming units (CFU/mL) pre:
the washing solutions before and after

bacteria growth, as measured by the increase in OD at 600 nm. In contrast, the control washings
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taken from wells prior to openg did not increase in OD over tinfieigure 2.10A). This suggests

that the bacteria cultured from washings after well opening originated from the opened microwells.
Because the observed OD increase is only qualitative, we repeated the experimenedrteplat
washing solutions on agar to quantify cell denéigure 2.10B). Colony forming units per mL
(CFU/mL) were approximately 106fdld higher in the extract after opening ten wells. This
suggests that >99.9% of the cells present in the extract originated from the wells. These results
demonstrate that under these experimental conditions A. tumefaelensan be retrieved from

the microwells and remain sufficiently viable to be cultured for follgwanalysis. However,

A

_»X
Figure 2.11: Effect of light pattern on bacteria removal from microwells after culture for .
(OD = 0.2 seeding density). (A) 40 em m
with 60 e€m |Ilight circle or 60/ 40Wnm2.(C)Cegll

are released as shown by the diffuse red fluorescence. After washing, the membrane is
imaged by confocal microscopy. (D) Fluorescence signal (green indicating fluorksusden
membrane, red indicating cells expressing mCheroyning from the xy plane along the gr
line in E. (E) Fluorescence signal coming from the xz plane along the red line in D. Scale
e m. Effect of ring versus circle irradi

32



irradiation may problematically reduce cell viability when experiments use other bacterial strains
or experimental conditions. Accordjly, use of this platform under other conditions may require
the optimization of irradiation time, membrane thickness, or other design features to maintain cell
viability through the extraction and retrieval procedure.

2.3.7. Avoiding Direct Exposure of Bcteria to UV Light.
A well-recognized problem in applications using light for manipulation of cells is its effects on
cell viability and behaviofl51]. The use of a twghoton process for cleavage of the nitrobenzyl
group has been reported and can be used to avoid this priginHowever, we found that
projecting light in ring patterns with an inner diameter cowasgng to the diameter of the well
can also release bacteria from the wells while avoiding direct UV exp@Sgige 2.11A-C).
Here, the membrane surrounding the perimeter of the well is removed, and the remaining
membrane island likely diffuses into stan. This has the advantage that the bacteria inside the
wells are not directly exposed to UV light, thereby reducing its effect. We found that irradiation
of 40 em diameter microwells with eitheff full
the membrane above the wdlggure 2.11D).In both cases, cells in targeted wells were released
as observed by the diffuse mCherry fluorescence patteimsre 2.11C). Confocal microscopy
after washing the welld=igure 2.11D, E)confirmed that théacteria were released for both light
patterns. The ability to illuminate only the well perimeter is a critical feature of this approach,
allowing the user to illuminate the surface with higher intensities and longer exposure times if

necessary.
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2.4. Experimental Section

2.4.1. Instrumentation.

2.4.1.1. BrightField and Fluorescence Microscopy.
All images were taken with an upright (BX51, Olympus Japan) microscope equipped with a 3S
camera (Luminara, Ottawa, ON, Canada) controlled by the Inf@#apture Software unless
otherwise stated. For experiments involving the Polygon400 (Mightex Systems), the camera was
controlled by the Mightex Polyscan2 software. Greyscale images were processed and colored
using ImageJ softwaf&53] for visualization: blue for Polygon400 light patterns, red for mCherry,
and green for fluorescein.

2.4.1.2. Confocal Laser Scanning Fluorescence Microscopy (CLSFM).
Fluorescent images were acquired on an Olympus FluoView FYDO&hfocal laser scanning
fluorescence microscope equipped with 473 and 559 nm lasers and controlled by Fluoview
software.

2.4.1.3. Polygon400 Light Patterning Instrument.
Light patterns wergrojected onto the membrane using the Polygon400 instrument attached to the
BX51 upright microscope via an adapter containing a dichroic/filter cube. The 365 mpouwigh
LED source (50 W) was controlled by a BioLED light source control module and @elitethe
Polygon400 with a liquid light guid@-igure S8). A BioLED analog and digital I/O control
module provided computer control and TTL trigger when used with the LED controller. Size and
shape of the pattern, light intensity as well as irradiatioe tivere controlled with the Mightex
PolyScan2 software. Approximate light intensities for the 10x/0.3NA and 20x/0.5NA objectives

according to the manufacturer are 7 and 20 mW/mm2, respectively, with the LED source at
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maximum intensity (100%). Prior to eagkperiment, the Polygon400 was calibrated with a mirror
and the calibration software.

2.4.1.4. Measurements of Optical Densities and Growth Curves.
Optical densities (OD) of bacteria cultures (.
an EpocB microplate reader (Biotek). Time course experiments were done by measuring the OD
at 600 nm using 100 e L of bacteria suspens
28 °C and with continuous orbital shaking at 237 cpm (cycles per minute).

2.4.1.5H NMR Spectroscopy.
H NMR spectra were recorded on a Varian Mercury 400 MHz or Varian System 500 MHz
spectrometer in deuterated chloroform (CE)@F dimethyl sulfoxide (¢DMSO). The number of
scans was 384 and the D1 was 1 s for small compounds and 10mofgmers.

2.4.1.6. Plasma Cleaner.
The plasma cleaner was a PIDQ1-HGP instrument (Harrick Plasma).

2.4.1.7. pH Meter.
The pH of solutions was measured with an Oakton pH 700 instrument.

2.4.2. Materials.

2.4.2.1. Chemical Reagents.
N-hydroxy succinimie (NHS), dicyclohexyl carbodiimide (DCC) and poly(ethylene glycol)
(PEG)}diamine (MW 3400), deuterated chloroform (CB)CIdimethyl sulfoxide (ssDMSO),
phosphorpentoxide (P10), sodium phosphate dibasic (Ndt), Alconox detergent, 4A
molecular sievessodium hydroxide (NaOH), triethylamine ¢&), trichloro (1H,1H,2H,2H
perfluorooctyl)silane, 1 M HCI (aq), and anhydrous toluene were purchased from-Alidyicé.

Four arm PE@Ghiol (MW 10000) was purchased from NOF America Corporation.
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Dimethylformamia (DMF), ethanol (EtOH), dichloromethane (§&Hb), ethyl acetate (EtOAC),
diethyl ether (E40), sodium hydrogen sulfate (NaH®anhydrous magnesium sulfate (Mg$O
and isopropanol were purchased from Fisher. Fluorescein maleimide was purcha<esmlyfrcan.
All chemicals were used as received unless stated otherwis€lGiHd EtN were dried over 4A
molecular sieves. NBEOOH (for chemical structure see Scheme S1) was prepared in five steps
starting from acetovanillone following reported procedui®43, 154, 155] The *H NMR
chemical shifts in CDGlor d-DMSO for all intermediates were consistent with repolt€8IMR
chemical shifts.

2.4.2.2. Bacteria Culture.
Tryptone soy agar, yeast extract, kanamycin, isoptbipgalactoside (IPTG),
triphenyltetrazolium chloride (TTC), Tween20, and sodium chloride (NaCl) were purchased from
SigmaAldrich. A. tumefaciens C58 pSRKKimCherry was prepared using established
electroporation methodd.56]. This plasmid carries the gene encoding the fluorescent protein
mCherry under control ahe lac promoter allowing for IPTG induction of mCherry expression
[157].

2.4.3. Synthesis of the Photodegradable Poly(ethylene glycol) PEG Diacrylate.
The synthesis of this polymer has been repoid@] and was prepared indifferent way by
reacting PE&iamine with the Nhydroxysuccinimide ester of the nitrobenzyl carboxylic acid as
outlined inScheme S1
NB-NHS. NB-COOH (251.6 mg, 0.71 mmol) and 82.0 mg of (0.71 mmol) of NHS were dissolved
in a mixture of 2 mL of DMF and éL of CH.Cl.. The solution was cooled at 0 °C for 25 min
before a solution of 146.9 mg (0.71 mmol) of DCC in 2 mL of:Cklwas added. The mixture

was stirred for 19 h. The suspension was concentrated in a flow of nitrogen and filtered through a
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plug of ghss wool inside a glass Pasteur pipet. The residue was washed with 2 mL of EtOAc and
the filtrate diluted to 25 mL with the same solvent. The yellow solution was washed with water (3
x 25 mL), dried over MgS&) and concentrated in a flow of nitrogen. Tindéidswas dried under
reduced pressure to yield NBHS as a yellow solid in quantitative yiefdd NMR (CDCk) 0 =
7.60 (s, 1H, Cloma), 7.01 (S, 1H, Choma), 6.54 (M, 1H, CH), 6.43 (d, 1H, CH = G4, 6.17
(dd, 1H, CH=CH), 5.87 (d, 1H, CH = CK), 4.16 (t, 2H, CHO), 3.91 (s, 3H, OC}}, 2.88 (t, 2H,
CH,CO), 2.84 (s, 4H, COC4#£H,CO), 2.29 (m, 2H, CKCH2CHy), 1.66 (d, 3H, CECH).

2.4.3.1 Photodegradable PEG Diacrylate.
NB-NHS and PE@Gliamine were dried under reduced pueesn the presence of®io at 40 °C
to constant weight; 317.8 mg (0.71 mol, 4.2 equiv (eq) relative to amine) aXIHB was
dissolved in 2 mL of CECl> and to the slightly hazy solution was added over the course of 5 min
a solution of 290 mg (0.085 mmd@,17 mmol amine groups) of PEGi a mi ne and 29. 7
mmol) of EgN in 5 mL of CHCl.. The mixture became clear and was stirred in the dark at room
temperature. After 23 h, the solution was concentrated in a flow of nitrogen and the residue
suspendechi 2 mL of CHCl2. The mixture was filtered and the residue washed withGGH2 x
2 mL). The filtrate was diluted with 100 mL ofXEX to precipitate the polymer that was recovered
by filtration through a glass filter. The residue was dissolved in 25 "dLMfNaHSQ (aq) and
filtered (0.22 em). The cG2¢aR5ni)ydriedtoveoMgS{Ivas e X
and concentrated in a flow to a volume of 6 mL. This solution was diluted with 100 miOpfd=t
precipitate the polymer. The polymer wasavered by filtration, dissolved in 8 mL @El> and
diluted with 100 mL of EXO. The precipitate was filtered, dried under reduced pressure to yield
267.1 mg of a faint yellow solid. 1H NMR (CDEl U = 7 aof)86.99 (S, ,1H, CHima),

6.51 (M,CH + NH), 6.42 (d, CH = Chhn9, 6.15 (dd, CH=CH), 5.86 (d, CH = Ckl), 4.10 (t,
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CH.0), 3.92 (s, OCH), 4.183.26 (CHCH.0), 2.38 (t, CHNH), 2.16 (m, CHCH2CHy), 1.64 (d,
CHsCH). The degree of functionalization for a MW = 3400 was 80%dyyparing the integral
ratios of the aromatic and GEH, PEG protons. This degree of functionalization was considered
when preparing the aqueous stock solutions.
2.4.4. Microwell Fabrication.
Microwell arrays were fabricated to contain a parylene liftadisk to allocate cells in microwells
while eliminating background cells, according to the procedures outlined in Hanseli8él.al
Arrays were designed to contain wells with d
pitches.
2.4.5. Bacteria Culture.
LB medium was supplemented with 150 eg/ mL kan
for each experiment from frozen stocks storee2& °C. Under laminar flow a frozen 25% glycerol
stock of A. tumefaciens was inoculated in 2 mL LB medium in rebwitbm borosilicate glass
tubes (13 mm x 100 mm, 10 mL, Globe Scientific). The culture tubesolesed with Bactcaps
(Clark Scientific) having openings to provide oxygen at atmospheric conditions inside the tube.
Cultures were grown at 28 °C for 22 h by shaking at 200 rpm. After spinning down at 2000 g for
10 min the bacteria pellet was suspendethedium and diluted 1:250 in fresh medium (culture
volume 2 mL). After 11 h at 28 °C and 200 rpm, the bacteria reached mid log phase and the culture
had a typical OD of 0.2 (100 e¢eL). The bacter

resuspendedin1(0L of fresh LB medium at the desired
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2.4.6. Membrane Fabrication.

2.4.6.1. Crosdinking Buffers.
Phosphate buffered saline LB pH8 was prepared by addingP@lb LB and adjusting the pH
of the solution with 5 M NaOH (aq). The final phosphate concentration was 100 mM. This solution
was sterile filtered (0.22 &em), l' yophilized,
make the 2x LB phosphate buffalution used for membrane fabrication.

2.4.6.2. Membrane Precursor Solutions.
Solutions of four arAPEG thiol and photodegradable PEG diacrylate in ultrapure water were
sterile filtered (0. 22 ¢ m¥Q-°C toillongtannouseeWorking vy o p h i
solutions were prepared by dissolving aliquots in water to give four arm PEG thiol and
photodegradable PEG diacrylate solutions with concentrations of 20 and 49141
respectively, and stored-&0 °C until use. Because of the high PEG concentration, the amount of
water added to make the solutions was corrected by subtracting the volume of PEG calculated
from the amount dissolved assuming a PEG density of 1 g/mL.

2.4.6.3. Perfluoroalkylated Glass Slides.
Five glass slides 25 x 75 x 1 mm (Fisher Scientific) werdnadsvith 20 mL of a 2% w/v Alconox
solution for 20 min with sonication inside a polypropylene slide mailer. Slides were then washed
with ultrapure water (3 x 20 mL) and finally sonicated in water (20 mL) for 20 min. Slides were
blown dry with nitrogen antoth sides plasma treated for 2 min in air at 800 mTorr with the RF
power set to high output (45 W). The slides were placed inside a slide mailer and 20 mL of 0.5%
vlv of trichloro(1H,1H,2H,2Hperfluorooctyl)silane in toluene was added. After 3 h at room
temperature, the slides were washed with toluene (3 x 20 mL) and EtOH (3 x 20 mL) and dried

by blowing nitrogen. Slides prepared in this way were easier to separate after membrane
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preparation compared to slides prepared by chemical vapor deposition whasrdr@ressure
inside a vacuum desiccator. For lelegm storage, the slides were kept in 70% isopropanol.

2.4.6.4. Spacers to Control Membrane Thickness.
Il nitial thickness of the membrane was contr ol
feder gage po«it assortment blades (Precision Brand).

2.4.6.5. Encapsulation of A. tumefaciens Inside the Membrane.
Bacteria in the mid | og phase were diluted to
spun down in a 500 uashendedirptieersaime vofume oti2x £B paasphater e s
buffer after supernatant removal. To 12.5 €L
photodegradable PEG diacrylate and the suspension was carefully mixed with the pipet, before 6.9
e L of -arméEGfthmlusolution was addeld41]. After careful mixing the mixture was
pipetted (e.g., 4 I 6 L) onto a g(FigusesSl)s!| i de
A second glass slide was placed on top and left for 25 min at room temperature factyiete
crosslinking and subsequent hydrogel formation. After carefully separating the slides, membranes
were washed with LB (5 x 1 mL) to remove nonencapsulated bacteria. The membranes were then
placed inside a 2dell plate in 2 mL of LB and cultured in the incubator at 28itbout shaking.

2.4.6.6. Cell Viability Assay.
TTC was dissolved in LB medium at 5 mg/mL and diluteddl@ into LB medium containing the
hydrogel.

2.4.6.7. Membrane Fabrication on Microwells Directly.
The microwell array wausandplacedingidd adesiccator. A\acuung L o f
was applied for 30 min to replace air trapped inside the wells with LB medigmre S9).For

experiments without bacteria the surface was blotted at the sides with Kimwipes tissue paper and
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the parylene carefully removed using Scotch {@d¢ For experiments witlA. tumefacienshe
well s were inoculated with 600 €L of a bacter
suspension was removed with a pipet and the array cardfoltied with a Kimwipe before
removing the parylene with Scotch tape. For microarrays without parylene coating, bacteria could
also be removed with a PDMS slab after see{B2g | mmedi ately after cell
21 LB phosphate buffer was mi xedacwiytlhat5e 6aned. 6
of thefourar m PEG thiol, then 15 €L of the mixture
was inverted and placed on top of the microwel
(Figure 2.1D) and incubated at room tenrpture for 25 min for hydrogel formation. After careful
separation of the glass slide from the microwell array, the memboaeeed microwell array was
placed inside a rectangular well made of polydimethylsiloxane on a glass slide contsimmg 1
of LB medium(Figure S10)and kept inside the incubator at 28 °C without shaking. This setup
prevented drying up of the membrane and enabled easy handling of the microwell array on the
microscope stage.

2.4.7. Membrane Degradation with the Polygon400.
The micrarray with membrane was kept in LB medium during the experiments in order to prevent
membrane dehydration and to dissipate local heating due to the LED light. In addition, immersion
in the medium allowed PEG products cleaved from the membrane to solabidiziiffuse away
from the wells during irradiation. The Polygon400 tool allows for exposure of adefieed
pattern light in any shape within the working area of the objective, as well as control of light
intensity and irradiation timgl58, 159] Light patterning experiments were done using 10x and
201 objectives, corresponding to (maxi mum) r e

-

em | 295 &em, respectivel y.
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2.4.8. Florescent Labeling of the Membrane.
After light exposure, membranes were visualized by fluorescence microscopy by coupling pendant
thiol groups with fluorescein maleimidé60l. 20 e¢eL of a 10 mM stock so
maleimide in DMF was added to the microwell array in 1 mL of LB. This reactiomr®at the
pH range 6.57.4 and was therefore done directly in LB (pH 6.7). Labeling was typically done for
2 h or overnight. Before image collection, the membrane was washed with LB (3 x 1 mL) to
remove unreacted fluorophore.

2.4.9. Fixing Bacteria Insidethe Membrane and Microwells.
The bacteria were fixed in 2.5% glutaraldehyde and 2.5% formaldehyde overnight in LB and
washed with LB (3 x 1 mL) before the confocal microscope measurements.

2.4.10. Retrieval of Live Bacteria fromMembrane-Covered Microwell Arrays.
A. tumefaciens was seeded at OD = 0.2 (100 €L
inside a polystyrene Petri dish, and cultured for 24 h in 5 mL LB medium at 28 °C without shaking.
The array was washed (2 x 5 miith extraction medium (0.05% Tween20 in LB) to remove any
bacteria that could be present outside the membrane, and placed inside the sample holder. The
array was again washed in the sample holder with extraction medium (4 x 2 mL) using a pipet.
The washigs were spun down at 2000 g for 10 min and the supernatant carefully removed leaving
1 mL inside the culture tube. This sample served as the negative control. The microarray was
immersed in 1 mL extraction medium and a total of 72 wells were opened idifienent runs.
After the experiment, another 1 mL of extraction medium was added and the wells washed by
pipet. After transferring the washing to a culture tube the microwell array was washed with
additional extraction medium (3 x 2 mL). The washingsawsarmbined and spun down at 2000 g

for 10 min and the supernatant carefully removed leaving 1 mL inside the culture tube. After
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suspending with the pipet, a volume of 100
control were placed inside the Nvelate and the OD at 600 nm was measured as a function of time
inside a plate reader. The remaining (0.9 mL) solutions were placed inside an incubator at 28 °C
and shaken at 200 rpm.

2.5. Conclusions

The retrieval capabilities demonstrated here conneethighthroughput screening benefits
inherent to microwell array formats with the ability to extract, isolate, and enrich cells from any
well of interest to determine molecular or phenotypic information about that cell population. The
approach has poteatito be used for follovup characterizations on cell populations that show a
desired and/or rare function. Follewp assays could include but are not limited to whole genome
sequencing, a variety of cellular functional assays, discovery of new stragenatypes, and
identification of genetic determinants of key phenotypes.

The proofof-principle studies demonstrated here show that the photoresponsive membrane
attaches to microwell substrates, confines bacteria while allowing for nutrient exchangdl and ¢
growth, and is degradable with patterned light for cell release and retrieval from any well of interest
at high (20 &m) spati al precision. Key desi
nitrobenzyl group, allowing for polymer network degrtoia, thereby opening the wells in a
spatially controlled manner using the Polygon400 pattern illumination instrument, and the ability
to avoid direct exposure of cells to UV using patterned ring illumination. In our laboratory, these
methodological advamenents will be used for screening, 16S rRNA sequencing, and
identification of environmental microbes with antagonistic or synergistic impacts on bacteria of

key functional importance, such as A. tumefaciens and other pathogens. Although our focus is on
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baderia, the platform and method should be amendable for applications involving mammalian

cells as well.
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Chapter 3 : Exploiting stochastic cellular processes of a model system to

generate outlier communities with rare phenotypes in microwell arrays

3.1Background and Motivation

The goal of this work was to develop the platform foicotiure, using a duapecies interdamn
between two weltlefined microbesA. tumefaciensand Pseudomonas aeruginaskhis pair has

high abundance and similarity in culture paramefé&l] and a wellstudied, competitive
interaction in bulk and biofilm caultures, characterized Wy.aeruginosgpropagating oveA.
tumefaciensvith quorumregulated growtirate and motility advantaggs62]. A. tumefaciens

an important model bacterium whose study has yiekagdnsights into hosticrobe signaling

[95], bacterial celto-cell communicatio{96] and virulence mechanisni83, 97] Further,A.
tumebciensis a key plant biotechnology tool with strong agricultural relevance and an
economically important pathogen of several crids3]. Although,A. tumefaciel® pat hogenes
and intraspecific interactions have been studied extens[ié], little is known aboutA.
tumdaciensinteractions with other members of plant microbionfdso, most of the functions of

A. tumefaciengn plant soil are unknown. Identifying interactions that suppfessimefaciens
function will inform biocontrol strategies that use other micrdioeattain antibiotic resistance
againstA. tumefaciensThe study of the competitive factors between these two bacteria can also
produce novel insights on the development, nutrition, host finding and reproducticoutiwe

systemg55, 164]

* This chapter aosists of excerpts taken from theamnuscript appearing ilNiloy Barua, Ashlee
M Herken, Kyle R Stern, Sean Reese, Roger L Powers, Jennifer L Méatedly, Thomas G
Platt, Ryan R Hanse®imultaneous Discovery of Positive and Negatiteractions Among
Rhizosphere Bacteria Using Microwell Recovery Artdy®ntiers in Microbiology11: 601788
(2020). doi: 10.3389/fmich.2020.601788

Reproduced with the permission from t@ntiers Media Limited
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3.2 Materials and Methods

3.2.1 Preparaton of bacteria strains
Bacteria strains and plasmids used are listeghplementary Table 3. We introduced pSRKKm
sfGFP intoA. tumefacien€58 and pSRKKmmcherry intoP. aeruginos®?AO1 via mating with
EscherichiacoliS17#1 eopi r c ar r y plasqgidstusing previeusly describedvmethods
[165]. These plasmid&ere transformed into competent SIL7 aHp coli strains using calcium

chloride heashock transformation.

3.2.2 Bacteria Seeding and Trapping on Microwell Arrays
C58GFPand PAOImCherry were grown in LB and YR343FP was grown in R2A media to
mid-log phase and then resuspended in their respective growth media tosanoO@2. To
inocul ate microwell Substrates, 700eL of t hi
individual MRA substrateSupplementary Figure 2 at room temperature for 1fihe substrates
were dried and the parylene was peeled off of the microwell surface along with the cells attached
to the background regions of the array by applying Scotch tape and f¢8&p&or studies
involving C58GFP and PAOGInCherryco-culture, the seeding solution contained €&8P and

PAO1-mCherry cellsina 1:1 or 1:100 ratio at a t@esoo of 0.1.

3.2.3MRA design and fabrication
MRAs were designed to contain 10 em di ameter
at a 30 um pitch. The array consisted o? @ grid of subarrays, each suéirray contained a 335
array of microwells, totalling 11,025 microwells available for analysis. Each well in thE515
subarray was assigned with its own uniqueatrip address for identification using brightfield
microscopy Supplementary Figure 2. Microwell arrays were taricated on dnch diameter N

type silicon wafers (University Wafers) after
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2010 Labcoater, Specialty Coating Systems. Arrays were then fabricated in a cleanroom
environment using photolithographyupplementary Figure 3) following previous protocol85,

166, 167]

3.2.4 Time lapse fluorescence microscopy (TLFM)
A Nikon Eclipse T4iE inverted microscope with NIS Elements software, a motorized XYZ stage,
a humidified livecell incubation chamber (Tokai Hit), and a {Q8Vic monochromatic digital
camera was used for TLFM measurements. Seeded microwell arrays (with outwttie
photodegradable membrane) were attached to aadaB PDMS coverslipSupplementary
Figure 4). PDMS was required to enable sufficient oxygen diffusion into the wells during, prior
experiments using glass coverslips resulted in poor culture for aerobic bacteria due to limited
oxygen diffusion85]. The substrate was then placed in a custom 3D printed scaffold designed to
accommodate the microwell array while submerged under liquid mediascHfi®ld aided in
image acquisition by maintaining a constant distance (100 um) between the array and the glass
slide, enabling the microwell substrate to stay within the focal plane during the culture period
(Supplementary Figure 5. More information ommicrowell attachment to these materials and on
the design of the scaffold can be found in the Supplementary information. The scaffold along with
the inverted microwell substrate were then placed inside a humidifieddlivemcubation chamber
at 2 8imagingt AHRITC filter was used to image G&F-P strains (20x, 200 ms, 17.1x gain)
and a TRITC filter was used to image PA@Cherry strains (20x, 300 ms, 17.1x gain). For
YR343GFP, images were taken with a FITC filter (20%, 300 ms, 36x gain) with eahdensity
filter with 25% standard light intensity to minimize photobleaching. With these imaging
conditions, individual cells within the wells could be resolved. Brightfield images were also taken

at each section of the array after fluorescent imagmgges of the microwell arrays were taken
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every 60 minutes during culture. Green and red fluorescent images from H@&FBP5nd PAOL
mCherry ceculture system were analyzed using Protein Array Analyzer tool in ImageJ to generate
growth profiles for eachrganism. YR343GFP in monoculture or mixed culture was evaluated
using an image analysis routine in MATLAB to identify wells with highest and lowest growth

levels for extraction.

3.2.5 Image Analysis
Time-lapse fluorescent microscopy and fluorescdmagedmage analysis can be routinely used
to generate and access bacteria growth trajectories in this microwell format, as recently described
by Timm et al [137]. ImageJ was used to quantify growth trends of the-GBB and PAOL
mCherry. MATLAB was used to identify wells with highest and lowest levels of growth for
YR343-GFP monoculture and emulture studies. Here, simultaneous brightfield and fluorescence
images beach array subsection consisting of 15x15 microwells were taken every hour for a 15 hr
culture period. Brightfield and fluorescence images were imported and sorted based on subarray
location, then the location of the wells was recordedflamaescenceritensities were averaged
across each individual well and subtracted from background levels for each time point. Average
growth rates and end point well intensities were then quantified across the entire microwell
population. Outlier wells with highest Idgeof deviation in engboint fluorescence (t=12 h) were
identified as target wells using the Grubb's outlier {£88] and their addresses were recorded.
From these outlier wells, the top 5 growth promoting wells with highest average growth rates and
top 4 antagnist wells with the lowest average growth rates were picked for extraction. In addition,

4 wells with nominal average growth rates were picked for extraction.
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3.3Results and discussions
3.3.1Microwell Recovery Arrays enable parallel monitoring of microscale ce

culture sites and generation of outlier wells with unique growth phenotypes

Our prior results demonstrated that microwell arrays could be used for parallel tracking of the

growth of P. aeruginosd?AO1 communities during morzulture in microwells, where small (5
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and 10 um diameter) wells were used to generate high variationscimum densities across the
array during the seeding step, and growth outcomes were dependent on inoculum density and the
level of spatial confinement presdB6]. To develop the platform for mulsipecies caulture,
here we addedgrobacterium tumefacier358 to this systenstrains PAO1 and C58 have a well
characterized, competitive interactiom vitro, where PAO1 tends to outcompete C58 due to
guorum sensingegulated growth rate and motility advantaf#s 169] A mixture of C58 cells
expressing green fluorescent protein (GFP; hereafteiGFd8) to PAOXells expressingiCherry
protein (fereafter PAOAmCherry) was inoculated into 10 um diameter wells at a seeding
concentration of OE0=0.1). Based on our previous characterizati®3§, we estimate that this
results in ~20 cells per well. Under these conditions, RA@herry and C5&FP cells ee paired
together at a higlispersity due to the stochastic, Poisson seeding pri&gs£58GFP:PAO1
mCherry seeding ratios of 1:1 and 1:100 were both investigated.

We observed similar qualitative outcomes at both seeding ratios. In each case, the MRA
platform enabled parallel tracking of species growth according to the respective fluorescence
emission signalfom each addressable well duringadture and engboint growth levels as well
as signature growth profiles could be attained from each well with image an&liggise(3.1,
Supplementary Figure 7. For the 1:100 seeding ratio, whichsmhie seeding ratio used in the
following studies, a comparison of epdint fluorescence signals after a 36 hcodture period
identified that the majority of the wells (96%) generated outcomes where-B¥&Dérry outgrew
C58GFP (Figure 3.1B,C). This was likely because of a favorable PAO1 seeding ratio, PAO1
growth advantages, or a combination of both factors. However, in the MRA format, outlier testing
identified a minority (4%) of wells with communities dominated instead by-@BB cells after

co-culture Figure 3.1B,D). This finding reveals that higtiispersity microbe pairing between
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competing species produces wells with rare growth outcomes aftelitace. Here, despite C58

cells being present at lower concentrations in the seeding soltiteoatochastic seeding process
generated a minority of wells with conditions allowing &5BP to grow well. This finding was
leveraged towards more complex-@ature systems, where the stochastic seeding and parallel
growth tracking features of the MRAre applied to screening interactions in environmental
microbiomes.

3.4 Summary and Conclusion

In this project we successfully demonstrated the proof of concept of microwell arrays to detect rare
phenotypes / rare growth outcomes in a whbracterized PA1-C58 interaction system. We
seeded bulk ceoulture of the two fluorescently labeled species in microwell arrays to achieve
stochastic assembly. With the aid of TLFM we could track the growth of both speciesutiue.

It was demonstrated that in tmeajority of the wells, PAOL1 suppressed the growth of C58,
consistent with the claim that PAOL1 can act as an antagonist against C58 in-bultucmWe

could also identify rare outliers where C58 showed more enhanced growth than PAO1 when we
hadan inoclum ratio favorable for C58rowth. It is expected that by assembling a low number

of cells in small wells we can identify rare outcomes driven by stochastic cellular proddsses.
technique will be used to screen agidcover symbiotic and antagonisiitteractions in the

Populusroot microbiome irChapter 4
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Chapter 4 : Simultaneous Discovery of Positive and Negative Interactions

Among Rhizosphere Bacteria Using Microwell Recovery Arrays

4.1 Overview

Understanding microbmicrobe interactions isritical to predict microbiome function and to
construct communities for desired outcomes. Investigation of these interactions poses a significant
challenge due to the lack of suitable experimental tools available. Here we present the Microwell
Recovery Aray, a new technology platform that screens interactions across a microbiome to
uncover higheprder strain combinations that inhibit or promote the function of a focal species.
One experimental trial generates hiicrobial communities that contain thecéd species and a
distinct random sample of uncharacterized cells from plant rhizosphere. Cells are sequentially
recovered from individual wells that display highest or lowest levels of focal species growth using
a highresolution photopolymer extractiorysiem. Interacting species are then identified and
putative interactions are validated. Using this approach, we screen the poplar rhizosphere for
strains affecting the growth é¢fantoeasp. YR343, a plant growth promoting bacteria isolated
from Populus ddbidesrhizosphere. In one screen, we montiored 3600 microwells within the array

to uncover multiple antagonistitenotrophomonastrains and a set @&nterobacterstrains that
promoted YR343 growth. The later demonstrates the unique ability of therplatiodiscover
multi-membered consortia that generate emergent outcomes, thereby expanding the range of
phenotypes that can be characterized from microbiomes. This knowledge will aid in the
development of consortia fétopulusproduction, while the platfon offers a new approach for

screening and discovery of microbial interactions, applicable to any microbiome.

* This chapter consists of excerpts taken from the manuscript appearing in: Niloy Barua, Ashlee M Herken, Kyle R Stern, Sean
Reese, Roger L Powerdennifer L MorrelFalvey, Thomas G Platt, Ryan R Hansen. Simultaneous Discovery of Positive and
Negative Interactions Among Rhizosphere Bacteria Using Microwell Recovery AFRraydiers in Microbiology 11: 601788

(2020). doi:10.3389/fmich.2020.601788

Reproduced with the permission from the Frontiers Media Limited.
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4.2 Introduction

Microbial communities are often highly diverse and have widespread impacts on human health
[170, 171] agricultural productivity{17, 172] energy productiofil8, 173] and water quality

[174, 175] Interactions among the species and strains thatcor within microbiomes often
influence their function and the establishment and success of functionally importafB]taxa
While genomic and metagenomic approaches have transformed our ability to determine
community composition and species-atcurrence patterngl76, 177] understanding how
interactions amongst strains impact community structure and functiomneediicult [141 16].

Despite this knowledge gap, there is a considerable need for understanding how natural community
structure influenes function, how communities respond to environmental pressures, and how
communities can be constructed for engineered outc¢b®sEngineered communities have
provided grounebreaking approaches in a few applicasi@uch soil cleanp[8] and digestion of
municipal solidg9], however the limited understanding of microbial interactions has impeded the
use of synthetic communities in the majority of applications. For example, commercial
development of plant growth promoting bacte®&5PB) formulations for plant production has
been limited by the fact that many useful bacterial species are incompatible with ea¢BGjther
These limitations require the development of new experimental tools to holistically study and
understand microbenicrobe interactionfl0, 178]

The high species diversity of many microbiomes necessitates new screening tools that
are designed to explore the vast number of potentially impamambbemicrobe interactions.
These tools must connect an observed cellular or community phenotype with genetic information
from the interacting species as well as information on the interaction itself. Classical

microbiological techniques for probing @maictions rely on manually pairing isolates togefp@y,
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inherently lowthroughput approaches that in practice are often based on qualitative observations
of bulk populations. Microand nanoscale devices offer vast improvements by providing high
throughput measurement, observation ofk&rcell behavior, and precise design and manipulation
of the microenvironment. These approaches have advanced our understanding of microbial
mutualism[179], metabolite exchangd80], community adaptation to environmental pressures
[42, 181] and the role of spatialrscture in driving community phenotypg®, 44, 182] among
other findings. Recently, Kelet al.[28] introduced the 4Chip, an innovative microscale platform
designed to screen mutiembered communities consisting of various combinations of known
isolates fo emergent phenotypes. While these tools are expected to provide important
advancements in our understanding of microbiomes, they are widely limited -¢hipon
measurements. Consequently, cells must be identified and manipulated during or prior to the
scresning observations, which greatly constrains both the number of strains that can be considered
and undermines the ability to discover interactions involving unknown strains present in a
microbiome.

Here, we present the microwell recovery arfliRA), a discoverydriven, labon-a-chip
device designed to first screen interactions within mixtures of unknown environmental isolates
taken from plant root microbiomes, then uncover-pase or multispecies communities that best
antagonize or promotée function (e.g. growth) of a noimodel focal species-{gure 4.1). The
strategy uses microwells to randomly combine the focal spéciggically one with a known
beneficial function (e.gplant growth promotion) or deleterious function (e.g. pathogenésis)
with a unique sample of cells from a microbiome into an array of microwells. Our previous studies
demonstrated that seeding bacteria into small (2 to 10 pm diameter) wells enablemaihly

numbers of cells to be seeded into wells, where the number of seeded cells shows high dispersity
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across the array and follows a randomized, Poisson distribwtiprocess we refer to as stochastic
seeding. Thus, even when a small number of unigaeiss are present in the seeding solution,
thousands of distinct, separated combinations of cells can be generated across the array for parallel
observatiori85].

Here, a 10 um well diameter was chosen to confine a small number of interacting cells
together at length scales similar to those found in rspkicies biofilm$88], confinement at #se
length scales often facilitates integllular interaction§89]. Cells are then trapped within the wells
using a previously developed photodegradable polyethylene glycol {Fd&s8) membrar€0],
co-cultured, and then focal strain growth in each well is tracked with time lapse fluorescent
microscopy (TLFM)Cellular communities showing a desired phenotype (e.g. highly enhanced or
diminished focal species growth) can be extracted from any individual well using a patterned light
source to spatially ablate the membrane, releasing cells into solution for recvemgxtraction
and recovery capabilities are the key enabling features of the platform, allowing for sampling of a
microbial community from any number of individual microwells that indicate a desired outcome,
in a sequential fashion. Ultimately, thisalls one to identify the interacting strains after the
screening step. Relying on the stochastic seeding to generate randomized combinations between
multiple species, thousands of distinct combinations of cells can be observed in a single screen.
Extractionalso enables followap phenotypic characterization with standardized assays to confirm
the interaction.

To develop the approach, we first investigateatture in the MRA format using a well
characterized interaction betweeseudomonas agginosaandAgrobacterium tumefacierj88,
169], followed by a microbiome screen usiRgntoeasp. YR343 as the nemodel focal species.

Strain YR343 is a Gramegative, plant growth promoting bacterium (PGPB) isolated from the
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rhizosphere of an eastern cottonwdddpulusdeltoidestree [100, 183] As Populustrees are
promising biofuel feedstockgl01], uncovering interactions that influence the function of
beneficial organisms in its rhizosphere has received intensive interest in recerji§2ado4,
184, 185] However, due to the fact that tR®pulusroot microbiome is highly complex and
diverse, many microbmicrobe interactions are unknojb86]. Pantoeasp. YR343 can also
colonize Triticum aestivumand stimulate latetaoot formation[100, 183] Likewise, related
Pantoeastrains haveyarnered interest for antibiotic productifi®5], bioremediation and waste
recycling [109], and cancer treatmenfl87]. On the other hand, othdtantoeasp. can be

pathogenic in plant, animal and human systenj488]. Thus, uncovering
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Figure 4.1: Microwell recovery arrays for screening micretmécrobe interactions. (i) GF
expressing focal species atembined with a random combination of bacteria cells froi
environmental microbiome in a stochastic seeding process. Different shapes represe
microorganisms. (ii) Cells are trapped within their wells using a photodegradable PEG
membrane&nd monitored in parallel during-@ulture using TLFM. (iii) The membrane is able
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remove each community of interest.
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unique sets of organisms that both promote or inRiaiitoeagrowth, as demonstrated here, has
use in several contexts.
4.3 Materials and methods

4.3.1 Preparation of bacteria strains andP. trichocarpasamples.
Bacteria strains and plasmids used are listegbplementary Table ). Pantoeasp. YR343GFP
constitutively expresses EGFP from a chromosomal insertion as previously described lgy Bible
al. [183]. All strains and isolates used were stored in 25% glycer8 at C. Further
on A. tumefacien€58, P.aeruginosaPAO1, andPantoeasp. YR343 culture is included in
Supplementary Informatiofor extraction of microbes frofoplarroot, a sample of NisquaHly
1 Populustrichocarparoot was first obtained from the greenhouse facilities at Oak Ridge National
Laboratory. Roots were remayvdérom soil and the aerial parts of the plant were separated from
the root system. Large soil aggregates were removed by manually shaking by hand. The remaining
portions of the roots were removed with sterile blades. Root pieces were then washed gxtensivel
with 1.5 LcoldABStswweean 4 ¢ acleyHPOw0 n3 ( M P@NIAl FlGaand
0.05% tween20). The washed solution was filtered through 0.45um sterile syringe filters
(Whatman) to remove larger particles in the suspension. The filteretbaohgs centrifuged for
15 min at 4400 rpm to obtain the pellet containing rhizospéerehed isolatefe Souza et al.,
2016) Glycerol stocks were prepared f@rtrichocarparoot isolates and stored frozen-a0°C.
Bacterial cells were later revived by scrapping off a small amount of frozen cells using a sterile
inoculation loop and mixing in 2 mL R2A broth medfH( 7.2 £ 0.2, Teknovan sterile test
tubes and cultured fo24 hrs (28°C, 215 rpm). The community composition of both the
rhizosphereenriched isolate sampénd the R2A media culture used to seed the microarray were

analyzed using 16S rRNA community analySsigplementary Figure J).
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4.3.2 MRA design and fabricaion.

MRAs were designed to contain 10 em diameter

at a 30 um pitch. The array consisted of & grid of subarrays, each suéirray contained a $35
array of microwells, totalling 11,025 microwells avaikalibr analysis. Each well in the 3155
subarray was assigned with its own uniqueatrip address for identification using brightfield
microscopy Supplementary Figure 2. Microwell arrays were fabricated orirsch diameter N
type silicon wafers (Universit Waf er s) after coating with a
2010 Labcoater, Specialty Coating System&rrays were then fabricated in a cleanroom
environment using photolithographupplementary Figure 3 following previous protocol85,
166, 167]

4.3.3 Bacteria seeding and trapping on microwell arrays.
For studies involving YR343GFP andP. trichocarparhizobiome ceculture, washed YR34GFP
cells andP. trichocarparhizobiome cells were mixed to achieve a YR&3BP:isolate ratio of
approximately 1:100 in the seeding solution at arsdo@f 0.2. To keep the detoncentrations of
C58GFP in ceculture experiments constant, PA@therry at Olgh=10 was added to CE8BFP
at ODs00=0.1 to reach a C5BAOL1 ratio of 1:100. The inoculum was then diluted tos63ED.1
and 700pL of this inoculum was then seeded mtorowell array substrates as described above.
Similarly, ODs00=0.2 cultures oP. trichocarparhizobiome was mixed with Qfg=20 of YR343
GFP to reach a YR34B. trichocarparatio of 1:100. This seeding suspension was diluted to
ODe05=0.2 and seeded omtof microwell arrays for caulture studies. For YR34B. trichocarpa
studies, the photodegradable membrane was then attached to the seed8@]arkagchematic

describing the seeding and trapping steps is providepplementary Figure 4.

58



4.3.4 Time lapse fluorescence microscopy (TLFM)
A Nikon Eclipse T+E inverted microscope with NIS Elements software, a motorized XYZ stage,
a humidified livecell incubation chamber (Tokai Hit), and a {Q8Mc monochromatic digital
camera was used for TLFM measurements. Seeded microwell arrays (with or without
photodegradable membrane) were attached to amada® PDMS coverslipSupplementary
Figure 4). PDMS was required to enable sufficient oxygen diffusion into the wells during, prior
experiments using glass coverslips resulted in poor culture for adratieria due to limited
oxygen diffusion85]. The substrate was then placed in a custorpréided scaffold designed to
accommodate the microwell array while submerged under liquid media. The scaffold aided in
image acquisition by maintaining a constant distance (100 um) between the array and the glass
slide, enabling the microwell substratesiay within the focal plane during the culture period
(Supplementary Figure 5. More information on microwell attachment to these materials and on
the design of the scaffold can be found in the Supplementary information. The scaffold along with
the invered microwell substrate were then placed inside a humidifiegtéliléncubation chamber
at 28 C for imaging. A FGFP Sraifsi(20% 200 mswld.$x gairy e d
and a TRITC filter was used to image PA@Cherry strains (20x, 300 m&7.1x gain). For
YR343GFP, images were taken with a FITC filter (20%, 300 ms, 36x gain) with a neutral density
filter with 25% standard light intensity to minimize photobleaching. With these imaging
conditions, individual cells within the wells could l@solved. Brightfield images were also taken
at each section of the array after fluorescent imaging. Images of the microwell arrays were taken
every 60 minutes during culture. Green and red fluorescent images from #@&FE58hd PAOL
mCherry ceculture sygem were analyzed using Protein Array Analyzer tool in ImageJ to generate

growth profiles for each organism. YR3&3-P in monoculture or mixed culture was evaluated
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using an image analysis routine in MATLAB to identify wells with highest and lowest growth
levels for extraction.

4.3.5 Image Analysis
Time-lapse fluorescent microscopy and fluorescdmaged image analysis can be routinely used
to generate and access bacteria growth trajectories in this microwell format, as recently described
by Timm et al [137]. ImageJ was used to quantify growth trends of the-GBB and PAOL
mCherry. MATLAB was used to identify wells with highest and lowest levels of growth for
YR343-GFP monoculture and emulture studies. Here, simultaneous brightfield and fluorescence
images beach array subsection consisting of 15x15 microwells were taken every hour for a 15 hr
culture period. Brightfield and fluorescence images were imported and sorted based on subarray
location, then the location of the wells was recordedfhmescenceritensities were averaged
across each individual well and subtracted from background levels for each time point. Average
growth rates and end point well intensities were then quantified across the entire microwell
population. Outlier wells with highest Idgeof deviation in engboint fluorescence (t=12 h) were
identified as target wells using the Grubb's outlier {£88] and their addresses were recorded.
From these outlier wells, the top 5 growth promoting wells with highest average growth rates and
top 4 antagnist wells with the lowest average growth rates were picked for extraction. In addition,
4 wells with nominal average growth rates were picked for extraction.

4.3.6 Recovery of isolates from wells and isolate nhaming convention.
The extraction procedureas slightly modified from van der Vliest al. which was previously
developed for highly efficient removal of cells from individual wells with minimal ctabs,
thus offering wellspecific extraction[90] and is described in Supplementary Information.

Extraction occurred from the microwell array in a sequential fashion, first from five different target
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wells in which YR343GFP exhibited promoted growth (P1, P2, P3, P4, P5), then four different
target wellsn which YR343GFP exhibited antagonized growth (Al, A2, A3, A4) and finally four
different target wells in which YR34GFP exhibited intermediate growth (N1, N2, N3, N4).
Extracts from each welWere plated onto solid R2A media (28°C, overnight) for vecp. After
culture, five distinct isolates (A, B, C, D, and E) were picked based on unique colony morphology
and streak purifiedlsolates inSupplementary Figure 6 are thus labelled according to the
microwell they were isolated from, then the order aictvhit was extracted from the array, then
the order at which it was picked from the plate after recovery. For example, isolate A4A, the isolate
that most strongly antagonizes YR343 growth, was extracted from the fourth antagonistic well and
was the first olony picked from the R2A plateFollowing extraction, extract containing the
suspension of cells from an individual microwell was plated onto R2A medianies were again
cultured in |iqgqguid media overnight-80C28 C, 215
4.3.7 ldentification with 16S rRNA sequencing.
Individual colonies were cultured in R2A media and genomic DNA of each isolate was extracted
using the Promega (Madison, WI) Wizard® DNA Purification #ituted to 20 ng/pL in 20uL
aliquots and g& to Genewiz (South Plainfield, NJ, USA) for 16S ribosomal RNA (rRNA) Sanger
sequencing of the V1 to V9 regions, enabling identification with approximately geels
specificity. The sequences were aligned using MUS(L89] and generated a maximum
likelihood phylogenetic tree based on partial 16S rRNA sequences (1007 bp) using PhyML
3.3.20190909190] with 1000 bootstrap replicatesdusing the Smart Model Selectid®1]tool
basedn Akaike Information Criterion, a starting tree estimated using BIONJ, and the NNI method

for tree topology improvement.
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4.3.8 Validation using 96 well plate cultures
To obtain cell free culture fluid (CFCF) from individual isolates, each isolatewastcur ed ( 2 8
3000 rpm) in 2mL of R2A broth media overnight, and then cells were removed from the media by
centrifugation (2000g, 10 min). To obtain CFCF from combinatorial mixtures, isolate panels were
inoculated individually in R2A media and culturedeowight, followed by cell removal by
centrifugation. CFCF from each isolate was then mixed together at equal volumes to obtain
combinatorial CFCF. To obtain conditioned media, isolate or combinatorial CFCF was mixed with
YR343-GFP in fresh R2A media at allvolumetric ratio to reach an initial @ value of 0.1
(final volume = 100 pL), at which point growth was quantified with a Biotek Epoch 2 Migtle
Mi cropl ate Reader (28 C, 300r pm) . Uncondi ti
procedure excad X PBS was added to fresh R2A media instead of isolate CFCF. To verify the
ODsoo measurement was due to YR3@FP growth, CFCF from selected isolates without
inoculation of YR343 was also measured. A total of n=6 independent replicates were measured
for each culture condition. Growth rates and carrying capacities of each conditeoquaatified
using Growthcurvef192] and compared using the Wilcoxon tgample test.
4.4 Results and discussion

4.4.1 Coculture of Pantoea sp. YR343 with stochastically assembled communities

from the P. trichocarpa rhizosphere simultaneously generates positive and negative

YR343 growth outcomes.
To extend the microwell platform capabilities to screening-mowlel test species against

unknown isolates, we screened rhizobiome samples froff. ttrechocarparoot microbiome for
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Figure 4.2: YR343-GFP growth in monaulture and ceculture within 10 pm microwells(A)
TLFM images of a sample 15x15 array of microwells after (i) seeding only Y-BB43or (ii
seeding YR3435FP with isolates from R. trichocarparhizobiome(B) Growth curves generat
from a sample 900 microwell array during YR3@8P moneculture, or(C) YR343-GFP coe
culture with rhizosphere isolates. Outlier wells representing growth promoting and anta
communities, respectively were identified from the growth curves.

effects on the growth of focal speciPantoeasp. YR343 expressing GFP (hereafter denoted

YR343GFP). Here, we used stochastic seeding, attachment of the photodegradable PEG
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membrane[90], and focal species growth monitoring to identify rare combinations of cells
generating uniqgue YR34GFP growth profilesKigure 4.1, steps i and ii). To chacterize the
composition of the seeding solution, 16S community analysis was 88pdlémentary Figure

1) and we observed 120 OTUs from the root washing and 85 OTUs after culturing the root washing
in R2A media to prepare the isolate mixture used to $eede¢lls. Thus, it was expected that the
YR-343 focal species is combined with random samplings of cells belonging to 85 different OTUs
in wells throughout the array.

Cell mixtures were seeded into 10 um diameter microwells at high densitgg©D.2) and at a

1:100 YR343:isolate ratio, cultured, and growth kinetics in each well were tracked over the course
of 12 h using TLFM. Based on prior resyB8], we estimate this seeding condition generates ~35
cells/well. The 1:100 seeding ratio follows the from the previous system and ensures that the focal
species will be combined with sevetaiknown isolates in each well during theadture. For
comparison, monoculture arrays consisting of only YRG#P focal species was used as a
control. In each case, YR343FP growth was evaluated in 225-@dture microwells from a
15315 well grid Supplementary Figure 2) across 16 selected arrays on a single substrate
(n=3600 microwells total). Here, R2A media was chosen as a generalist culture media. This media
has been used to recover more than 300 phylogenetically diverse isolate3. frechocarpa
rhizosphere and endosphere samples, and so should permittwe of a large number of
combinatorial strain mixtures within the microwell environmgr@4]. While the YR343GFP
monoculture generated growth profiles across the array with relatively low vargiw3:56)
according to finaéndpoint fluorescence levels, mixed cultures generated a wider range of growth
profiles, with final growth levels of higher variancg®£17.55), indicating an impact due to the

addition of the environmental isolatdsdure 4.2A-C).
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In co-culture, 14% of the wells contained microcolonies that appeared to grow out of the wells and
into the membrane space, causing the microcolony diameter to expand beyond the well diameter
(>10 um) Figure 4.2Aii), indicating a positive interaction. While the locations on the array where

this effect occurred appeared random, we checked for the possibility of crosstalk between
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Figure 4.3: Sequential removal of growgbromoting and antagonistic communities from an ¢
subsection after caulture. (A) Microwell array before and after -calture. This 15x1
microwell array contained bota YR343 growth promoting community (blue) and YR
antagonistic (red) community that were targeted for extraction. (B) Targeted remova
microwell community in which YR343 grows to its highest observedpenat fluorescence (tc
row, blue outline)followed by targeted removal of a microwell community in which YR&FF
grew poorly (bottom row, red outline). Purple area denotes UV exposure area used for ir
degradation. (C) Maximum likelihood phylogenetic tree based on partial 16S rRNA se&
(1007 sites) of select reference strains and isolates extracted from promoted (P) and an
(A) wells. We collapsed the branches of the monophyletic group composed of Enterob
and Pantoea sp. strains and the clade of Stenotrophomonasiss. At tumefacien£58 wa:
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sp. YR343,Enterobacter cloacae€e3442, Pseudomonas putid&13.1.2, Stenotrophomon:
maltophiliaNCTC10259. We labelled nodes withrasponding bootstrap percentages.
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neighboring wells, where a developing microcolony may influence growth in another well due to
diffusion of metabolites or other biomolecular products. Of wells with this enhanced growth
phenotype, 2% of neighboring wells also showed this phenotype, suggesting thtat-wel|
crosstalk can occur. The possiblity of falsely identifying an interaatioa to weHto-well
crosstalk is accounted for with folleup, offchip validation experiments that verify the
interaction after it is found in the inital screen (described in Section 3.4). On the other end, wells
showing decreases in well fluorescenamnal were also identified, these decreases were caused
by lysis of the focal species and GFP diffusion from the wells, as previously observed when using
PAOQOL1 as the focal specif&b]. This effect was noted in 34% of-coillture microwells. Wells that
initially contained a fluorescent signal above background levels, followed by hagwshtses in
fluorescence signal were identified as containing candidate cells antagonistic to-@RB43his
ensured that these wells initially contained the focal species, and that its growth was inhibited
during caculture. The rest of the wells didtrghow evident increases or decreases in YR3BB
growth.

4.4.2 Sequential extraction, recovery and identification of isolates from microwell

communities.
Following onrchip analysis in mixed culture arrays, the patterned illumination tool was used to
extract communities from tHeve wells with highest fluorescence signal after 12 hours of culture
(Figure 4.3A,B). This was followed by extraction of communities fréoar wells with the lowest
levels of YR343GFP growth, and four wells where YR3&3-P grew to intermediate levels.
Extraction required exposure of a patterned 365 nm light (20 m¥V/a®nmin) to removehe
membrane over the well. While 365nm light has the potential to damage bacteria, these exposure

conditions were previously found suitable for retrieving viable bacteria from j@@]lsvlembrane
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removal was confirmed by brightfield microscopy, at which point cellular material was observed
moving out of the wells and into solutioRigure 4.3B). After exposure, arrays were washed with
extraction buffer (R2A media + 0.05% Tween20 solution) to retrieve cells from an opened well.
Extraction buffer was then plated onto Ragar for growth and o®very of individual colonies.
During our previous characterizations of this procedure, we noted that >99.9% of bacteria
originated from opened wells as opposed to outside contamirf@0dnwhich provided high
confidence that the recovered product here originated from the target well. We alsaiglyevi
observed that bacteria could be completely removed from wells after wgdSBihghus we
expected minimal crossontamination when opening additional wells for further sampling. After
recovery, phylogenetic analysis based on 16S rRNA sequences of all strains isolated from each
targeted microwell was performe&upplementary Figure §. The analysis revealed that all
extracted microwells identified as growth promoting for YR&RP (5 of 5) harbored
Enterobactesp. /Pantoeasp. strains, and one of these wells contained at leaftssn®lomonas
sp. strain. In stark contrast, all weltdentified as antagonistic to YR343-P contained at least
one Stenotrophomonasp. strain. Several of these wells (3 of 4) also contained at least one
Enterobactersp. orPantoeasp. strain Figure 4.3C). All isolates obtained from the wells with
nominal éfects on YR343GFP are phylogenetically relatedEnterobactersp. andPantoeasp.
strains. Given that the extraction method was efficient and specific for recovering cells from the
targeted well§90], the recovered isolates were expected to be responsible for the promoting or
antagonistic effects on YR343, but required validation with an independenhipffest.

4.4.3 Interactions can be recapitulated in 96vell plate format for validation.
The exraction of cellular communities from the MRA allows for -offip validation and

characterization of the microbial interactions observed during the screen. This capability is critical
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for validation, as the high density of microwells (625 wellsfnhms peential to cause false

positives, perhaps due wadtl-well crosstalk due to diffusion of molecules. This necessitates that
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Figure 4.4: Interactions identified in the MRA can be validated irv@8| plate format. (A) Lef
YR343 growth curves after inoculation into conditioned media from the antagos@tite, th
isolate consortia, or unconditioned media (UCM). The control (green line) is conditionec
that was not inoculated with YR343 to verify that there was no growth carry over or contar
microbes present. Right: Corresponding carryingacay and growth rates for each growth ct
(B) Left: Analogous YR343 growth curves after inoculation into conditioned media f
promoter isolate or the promoter isolate combination. Right: Corresponding carrying cape
growth rates. All growtrexperiments occurred at 28°C, 215 RPM. Statistical differences
identified by comparison of growth metrics between YR343 culture in conditioned med
each isolate or isolate mixture and YR343 growth in UCM (Wilcoxondaraple test, *=P<0.C
n=6independent experiments).
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the interactions observed in the screen are also observed in an independent validation assay. To
address this, we used a@@ll plate format to measure how strains isolated from MRA influenced
the growth of YR3435FP. This represented a scalgd enviroment (from 1.6 pL microwell
volumes to 100 pL solution volumes) that precludes diffusive crosstalk from neighboring wells.
For these evaluations, we hypothesized that both growth promotion and inhibition
measured in MRA format resulted from diffusiveeractions between the focal species and the
collection of isolates present within a well. To test this hypothesis, Y/&F3B was cultured in
96-well plate format in media conditioned by four selected isolates recovered from a selected
antagonist well (WelA4, Supplementary Figure §. Conditioned media was obtained by first
culturing isolates in R2A media to stationary phase, then removing the cells to obtain cell free
culture fluid (CFCF). Fresh R2A media was then added to the CFCF in a 1:1 volumirio rat
supply growth nutrients, and YR343FP was inoculated for growth monitoring. Conditioned
media obtained using CFCF from a combineecaliure of all 4 antagonistic strains was also
evaluated. These growth curves were compared to a control curvé R8#3-GFP growth in
unconditioned media, which consisted of R2A media instead supplemented with blank 1X PBS
buffer at the same volumetric ratio. A second control curve consisting of conditioned media
without YR343 inoculum was also included to verify tma¢asured growth was not due to
contaminating microbes. Growthcurver R was then used to estimate bacterial carrying capacity
and growth rat¢192] in each experimenSupplementary Figure §. Congrueent with microwell
observations, we observed that conditioned media from 4 isolates significantly reduced the
carrying capacity and growth rate of YR3&GFP compared to its culture in unconditioned media
(Figure 4.4A). Conditioned media from the combineem®&mber antagonist combination also

showed significantly lower carrying capacity and growth rate compared to the unconditioned
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control media $upplementary Tables 2 3). CFCF fromStenotrophomonassolate A4A had
statistically equivalent growth metrics as that from the CFCF consortia, suggesting that this strain
is the most potent inhibitor of YR343.

To investigate the effect of the strains identified as YR343 growth promoters, Y323
growth was again monitored in media conditioned with CFCF from clonal cultures, here using 5
isolates selected from a selected promoter well (WellSBBplementary Figure §. To test for
an emergent effect, additional control curves from conditioned media dogt@RCF produced
from a coculture of the combined 5 isolates was also evaluated. When YR343 growth in
conditioned media from the CFCF of individual isolates was measured, only two were able to
increase growth rate and one was able to increase carryiagityaf-igure 4.4B,Supplementary
Figure 9). Strikingly however, the CFCF from thenldember consortia was able to provide highest
increases in both YR343 growth rate and carrying capacity. -iinendber consortia also provided
a statistically significantricrease in carrying capacity compared to isolate P3B, the individual
isolate that generated the highest increase in YR343 carrying capacity after conditioning media on
its own Supplementary Tables 45). To further verify that antagonistic or promotinghbaeior
was unique to the strains isolated from the promoting and inhibitory microwells, the save# 96
plate analysis was performed using nominal isolates taken from a microwell that showed
intermediate growth of YR34&FP during orchip caculture. Thisserved as a final control to
verify the 96well plate assay accurately recapitulates growth behavior observed on the MRA.
Here, a well with final endpoint growth level comparable to YR343 monoculture was identified
and 4 isolates were extracted from thellwYR343GFP growth was then monitored in media
conditioned with CFCF from clonal cultures and the combined 4 member consortia cultures.

YR343 growth in conditioned media from the CFCF of individual isolates and the CFCF from the
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4-member consortia didon provide significant increases or decreases in YR343 growth rate or
carrying capacityQupplementary Figures 10, 11Supplementary Tables 6;).

Taken together, these findings i ndicat e
population growth correspas with the behavior observed in the microwell environment, and that
in some cases it can depend on the presence of multiple strains, not simply the consequence of a
pairwise interaction. As such, the enhanced YR343 growth is an emergent property of the
community of species recovered using the MRA, demonstrating the unique power of this approach
to identify functions dependent on higkmder interactions among bacterial species.
4.5 Conclusions
The MRA examines thousands of combinatorial unique, rspdities communities to discover
both antagonistic and growth promoting interactions on a focal species. Using this new approach,
we simultaneously identified individual strains that antagonize focal species growth, as well as
multi-strain consortia that unigly promotes focal species growth only whencatiured in
combination. The platform is the first of its kind, unique because it (i) screens organisms that are
unknown during the screening step, dramatically expanding the number of interactions aad cellul
combinations that can be accommodated, and (ii) screens in combinatorial fashion to uncover
higherorder microbial networks that generate emergent phenotypes, which cannot be measured
with other platforms or devices. The platform allows for the us@etéorm the ceculture in a
defined culture medium, which must be carefully selected based on the question or goal of the
screen. The key innovation underlying this capability is the ability to recover cells from specific
microwells of interest, thereby laWing for subsequent ofthip genetic characterization for
species identification then phenotypic characterization for validation of the interaction. This

enables one to input any number of bacteria strains into the device for analysis. Extraction then
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erables one to steamline the screen with established techniques, saoficaBased analysis of
samples and followap validation of the uncovered interactions using standardized methods, as
demonstrated in this work. In our laboratory, MRA fabrication aatenals cost ~$20 per screen,
which compares favorably to other comparable techniques such as flouresctveted cell
sorting (FACS), which often has a higher associated cost {$200/hr) and is not directly
amenable to a eoulture format. The immved throughput at which different interactions can be
tested also provides a significant saving in both time and effort.

For the first generation of the MRA, we have developed its use towards screening
interactions that influence growth phenotypes. awdrack of the current platform is that it screens
interactions based on growth in an environment that is both chemically and physically different
than the rhizosphere, thus interactions that are identified in the MRA must still be evaluated in the
relevantnatural enviornment (e.@ vivo). Also, the MRA requires that the interacting isolates are
also culturable in the media added, limiting the number of interactions that can be accounted for.
Finally, the user should excersize caution when extracting cells using the 365 nm light source, as
this wavelength can have a bactericidal effect. If ditBétexposure is a concern, the pattern of
light can be varied to expose only the edges or sides of the wells, which is also effective in releasing
cells from wells and the hydrogel membrane while minimizing light expd80ieDespite these
current limitations, the MRA approach has potential to BIpaeded towards screening
microbiomes for organisms that have positive or negative effects on other focal species functions,
provided that the function can be coupled to a fluorescence reporter (e.g. a GFP prepooter).

This may include microbial ietactions that affect quorum sensing activafib®3], virulence
factor expressiofil94], and plasmid conjugatidi95], to name a few. Whildemonstrated here

for theP. trichocarparoot microbiome, the ptform is directly amenable to screening interactions
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across any microbiome where high species diversity is present, which may include the gut, soaill,

freshwater and marine ecosystems, and other rhizosphere environments.
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Chapter 5 : Microwell Recovery Array Screening of the Maize Rhizosphere to

Improve Azospirillum brasilenseColonization and Plant Growth Outcomes

5.1 Overview

Plant growthpromoting bacteria (PGPB) are key smstainable food production and may alleviate
negative impacts of chemical fertilizers on human health and environment. Successful application
requires PGPB survival and colonization into the root microbiome, which is influenced by
interactions with othemicrobes present. This paper develops the microwell recovery array
(MRA), a microfabricatechigh-throughput screening device, as a novel bioprospecting tool to
rapidly isolate and discover bacteria that impraéveospirillum brasilenseolonization in corn

root. The device simultaneously test$ iileractions betweeA. brasilenseand members of the

Zea maysrhizobiome. In a single test, the MRA isolat&krratia marcescensSerratia
nematodiphilaSerratia ureilyticaPantoea agglomerangnterobacter tabacandAcinetobacter
bereziniagwhich were confirmed as symbiotesAobrasilensaising offchip validation assays.
Isolates were then eimoculated withA. brasilensen axenic maize seedlings inside a plant growth
chamber and acceldea plant growth after 15 days, only whenigoculated withA. brasilense
Follow-up root colonization assays identified that isolates also increasédasilensdevels.
These findings uncover new interactions useful for developing improved PGPB @omaswit
demonstrate that the MRA tool can rapidly explore complex environmental microbiomes for new

isolates useful for generating positive phenotypic outcomes on a host.

Manuscript: BaruaN., ClouseM.K., Wagnem., DiazD.R,, PlattT.G., Hansen R.,Microwell
Recovery Array Screening of the Maize Rhizosphere to Imprzespirillum brasilense

Colonization and Plant Growth Outcomeés preparation
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5.2. Introduction

Increasing crop production and enhancing plant health in a sustainable nsaangcal in the
face of climate chand&96], increasing populatiof197], reduction of cultivable land4.98], and
pest or pathogen mediated diseases in dial® 199]. While chemical fertilizers and pesticides
have significantly contributed to enhancing food producfidiO], their indiscriminate use has
proven unsustainable and negatively impacts human and environmenta[liEHItMuch effort
has been given texploiting plant growtkpromoting bacteria (PGPB) as bioinoculants, i.e.,
biofertilizers, to enhance plant growfil2, 113] and address the limitations of cheai
approaches. Biofertilizers offer a low energy, environmentally friendly, and sustainable approach
to promoting plant growth anthcreasing biomass productiday nitrogen fixation[196, 200]
phytohormone ythesis[201], stimulating root developmef202], pathogen defeng203], and

alleviating environmentgR04] and humasinduced stressg$3, 1%5].

Currently, the biofertilizer market is dominated by diazotroph PGPB, sué&thiasbium spp.,
Bradyrhizobium spp., Actinorhizobium spfdizotobacter spp., and Azospirillum sppl4, 205]

A. brasilensés the most widely@dopted diazotropland it displays versatile-@nd Nmetabolism.

It also promotes plant growth through additional mechanisms, including phytohormone production
[115], development of stress tolerarjté&4], inhibition of phytopathogeri416], solubilization of
phosphate$§l17] and production of sidephores[118]. With this array of benefits, much effort

has been igen to understanding the microbial interactions that influence the association and
colonization ofA. brasilensend othediazotroph bacteria with ndleguminous maizeZea mayps
crops[119i 121, 206] Prior studies have also shown thatimoculation ofA. brasilensewith

complimentary organisms such Beadyrhizobium[207, 208]and cyanobacteria isolatE209i
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212] improves maize yield, suggesting that PGPB applied as symbiotic;spatties consortia

may be key for biofertilizer improvement.

Despite its importance in food productiampst interactions that influence PGPB in the root
environmentemain poorly understodd12, 113]Jand as a resulEGPB are often unreliable and

pose a high economic risk amongst agricultural producers, limiting broad adopticfixaigN
PGPB[20, 110] Uncoveringfavorable PGPB interactions is a daunting task due high species
diversity and abundance in the native root miasoi®, which also varies widely due to differences

in soil type/conditioning, irrigation, and climate at different producer $#&8]. Such a task
necessitatedevelopment of new highhroughput screening technologies that can rapidly explore
interactions in a microbiome and accelerate the pace of discovery. Here, microwell recovery arrays
(MRAS) [85, 90, 214)vere used to rapidly search the maizeg mays [).rhizosphere microbiome

for bacteria that impnree A. brasilenseolonization on corn roots for accelerated plant growth.

To develop this approach, rhizosphere isolates f#@ea mays L were first collected from
agricultural soils at a producer site in central Kansas and the composition of the rhicrobia
communities was analyzed with 16S community analysis to identifycutitare medium that
recovers the highest diversity of isolates. Thnbrasilensespecies Sp7 expressing GZR25]

(herein referred to as Sp7) and small numbers of maize rhizosphere isolates are inoculated into
individual microwells.Due to the randomized cell seeding process characterized pre\j@bisly

139], only a few isolates are partitioned into each well @y, thus wells are compositionally
unigue from each othe€ells in the MRA are then ecultured andSp7 growth ismonitoredin
parallelusing timelapse fluorescent microscopy (TLFMinage analysis revealse location of
individual wells containing bacteria symbiotic £ brasilenséby increasing its growth rate and

final growth level.Equipped with a photoresponsiligdrogel membrane extraction system and a
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patterned light sourcf0], the MRA system can then selectively remove isolates from any
individual well where a favorable effect @n brasilensegrowth is found. Isolates are identified
with 16S sequencing, interactions are validated #w8b plate coecultures, and symbiotic isolates

are the applied in seedling emoculations to study their effect én brasilenseoot colonization
)
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Figure 5.1: MRAs for discovery of isolates that improve the colonizatioA.dfrasilensen maize
roots. (A) Healthy maize crops are picked in the flowering season for extraction of the rhiz
microbiome. Stems are cut from the roots, soil is removed, and roots are washed to ¢
rhizosphere microbiome. Different shapes represeigjue microorganisms. (B) GF#Xpressin
A. brasilensestrain Sp7 is combined with randasolates from the maize rhizosphere microbi
in 10 mm diameter microwells and trapped a photodegradable PEG hydrogel membr:
growth of Sp7 was monitored irapallel during ceculture using TLFM, and the wells show
the highest level of Sp7 growth were extracted by selective ablation of the photodel
membrane using patterned light exposure. The isolates extracted and recovered from tt
wells werethen identified using 16S amplicon sequencing. (C) Isolates wearecolated witl
A. brasilensen healthy maize seeds (genotype B73), and plant growth studies were conc
measure Sp7 colonization in maize roots and resulting plant growth.
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and plant developmenFigure 5.1). Here, we demonstrate that with one screen, the successful
discovery of a panel of new isolates, each of which enhaAcdarasilensemediated plant
development, can be uncovered. This demonstrates the unique ability of the MRA as a
bioprospecting tool that can rapidly access an environmental microbiome and uncover new strains
with potential application as biofertilizers. SimilMRA methodology can be followed for
screening for root and soil microbiomes for biocontrol agents or for discovery of bacteria

producing new antimicrobial compounds.

5.3 Experimental Methods

5.3 1 Extraction and culture of Zea maygoot isolates
Soil and root samples were collected from four sampling sites at Budke fielordioate:
39.3533616 aned8.362541, 1147 m above sea level) and four sampling sites at Boyde field (co
ordinate: 39.3950754 anf8.3470027, 968 m above sea level) at GlearEdansas during the
flower blooming season. The soil samples were sent&tate Soil Testing Lab for a complete
analysis of carbon, nitrogen, phosphorous content, and soil pH. The comprehensive analysis of the
soil samples from the two fields is listéd Supplementary Table 1 A total of 8 sets of
rhizosphere soil and root samples were collected from maize plants grown in bothHiglote (
5.1A). The rhizosphere soil and root samples were immediately kept on ice, transferred to the
laboratory, and sted at 4°C. The suspensions were extracted by washing 200 g of each
rhizosphere soil and root samples with 200mL of sterilecate 1X phosphate buffer saline (PBS
buffer: 8 g/L NaCl, 0.2 g/L KCL, 0.2 g/L K#PQy,1.15 g/L NaHPQy, pH 7) for 20 minutef216].

The resulting suspensions were sterile filtered using 0.8 um sterile filters and suspended at 4400
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rpm for 20 minutes to collect pellets containing rhizosphere isolates. Pellets conZagaintpys

rhizosphere isolates were stored8i°C in 25% glycerd214].

5.3.2Media selection
Bacterial colonies oZea mayshizosphere samples were picked up from glycerol stocks using a
sterile inoculation loop and incubated TrY Media (10g/L Bactetryptone, 10g/L NaCl, 5g/L
Yeast ExtractpH: 7 + 0.3, R2A malia (0.50 g/L Yeast extract, 0.50 g/L Proteose Peptone,
0.50g/L Casamino acids, 0.50 g/L Glucose, 0.50 g/L Soluble starch, 0.30 g{rieate, 0.30
g/L KoHPQy, 0.05 g/L MgSQ.7H0, pH: 7 £ 0.3, LB media (10g/L Tryptone, 10g/L NaCl, 5g/L
Yeast ExtractpH: 7 + 0.2),in sterile test tubes for 24 hrs (28°C, 215 rpm). After incubation,
rhizosphereenriched pellets from each culture media vatoeed at80°C in 25% glycerol before
the selection, lassification, and 16S community analysis to detect the media that recovered the

highest diversity oZea mayshizosphere isolates

5.3316S community analysis oZea maygoot isolates
Purified gDNA samples of théea mayshizosphere and their culturesTY, R2A, and LB media
were extracted using E.Z.N.A soil DNA kit (Omega Hiek, Norcross, GA) and DNeasy Blood
& Tissue Kit (QiagenGermantown, MD), diluted to 20 ngd/ in 100 pL aliquots and sent to
Integrated Genomics Facility (Department of Plant Pathology, Kansas State University,
Manhattan, KS) for 16S Illumina sequencing of the hypervariable V3 and V4 region using Nextera
XT index Kit v2 (Illumina, Inc., San Diego, CA). 16BNA community analysis was performed
with Qiime22020.8(Bolyen et al., 2019)The multiplexed raw sequence data with the barcodes
were demultiplexed using g2 demux pl ugi n,

(Callahan et al., 201¢lugin digned with mafft(Katoh et al., 2002)The g2diversity plugin was

used to determine al pha [R17vaenrds i & hya nnmeotnréisc sd i (voebt
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[218] after the rarefaction of the samples to 900 sequences per sample. Taxonomy was assigned
to amplicon sequence variants using the sil@899-515806[219]c | as s i f ywe8dyése ar n
taxonomy classifier against the Silva 138 99% O.T.U.s reference seq2p@psThe g2taxa

plugin was used to explore and visualize the taxonomic composition of the classified sequences

by creating taxa bar plof221] for theZea maizehizobiome.

5.3.4MRA design and fabrication
MRAs were fabricated by followindné protocols described by Baretaal.[214]. Each array was
divided into a 7x7 grid of subirrays, consisting of a 15x15 microwell arrays of 10 um diameter,
20 um depth, and 30 pm pitch. A total of 11,025 mneells were etched on a singleirgh
diameterNt ype silicon wafer (University Wafers),
(PDS 2010 Labcoater, Specialty Coating Systems), using standard photolithography techniques

described in previous publicatis[166, 167]

5.35 Bacteria seeding and trapping in microwell arrays
A. brasilens&SP#GFP andZea mayshizosphere isolates were cultured in LB, R2A and TY media
to midlog phase and resuspended in their respective growth media tosatnoDD.1. Bacteria
cells wee inoculated in microwell arrays using protocols described previdkigiyre 5.1B) [90,
139, 214] For coeculture studies, cultures of SP7 (63-0.1) andZea mayshizosphere isolates
were mixed at a ratio of 1:1 to reach a final &y®f 0.1. 700 |L of each cell suspension was
seeded on top of microwell arrays for 1 hr at room temperature foultge studies. Then, the
substrates were driedbllowed by the parylene IHbff process to remove cells attached to the

arrayobés back8goOm2a4d regions
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5.36 Photodegradable membrane attachment
A novel poly-ethylene glycol (PEG) photodegradable membrane was attached on top of the MRA
seeded with cells by following previously described metl@d} The protocol for the attachment

of the photodegradable membrane is described in detail in supplementary information.

5.3.7 Timelapse fluorescenhmicroscopy and image analysis
Wells were monitored with TLFM and outlier wells showing improyedrasilensegrowth in
the MRA were identified using image analysis in ImageJ. TLFM and image analysis methods have

been described previougl®14] and are also included in supplementary information.

5.38 Recovery and storage of Isolates from microwell arrays
Isolates were extracted from microwell arrayfioiwing previously described procedurfo,
214]. The top two individual wells (A, B) with enhanced growth of Sp7 were opened by exposing
them toa UV lighted in a ring pattern area with a 1@ [nner diameter and a 20 um outer diameter
to minimize cellular damagdhe individual isolate cell suspensions were then plated onto agar
growth media after extraction, and three colonies were sampled from each extracted microwell
based on differences golony morphology and color. Then individual colonies were cultured in
respective media and stored in glycerol stock
8 individual promoter isolates were recovered in this process and labeled as isolag A2,

A4, B1, B2, B3, B4 for validation.

5.3.9Validation using 96-well plates
It was previously demonstrated that the interactions observed in the promoter wells in MRA can

be recapitulated in a 9&ell plate validation assaj214]. Same methodology was applied to
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validate the growth enhancementfoforasilensen co-culture with the eight individual promoter

isolates. The methods for the validation assays are included in the supplementary information.

5.3.9 Identification of promoter isolates, culture and storage
Eight individual isolates were identified with63% rRNA sequencing described in the
supplementary information. Six bacteria species capable of enhaadimgsilensegrowth were
identified as Acinetobacter bereziniaePantoea agglomeransSerratia ureilytica Serratia
marcescensSerratia nematodiphilsandEnterobacter tabaci. Bacterial strains were streaked in
R2A agar plates and incubated at 28°C for 24 hrs. A single colony of each strain was inoculated

in 2 mL of R2A broth at 28 °C and 215 rpm overnight and stored in glyce@0E.

5.310Plant growth studies to validate survival and colonization ofA.brasilense SP7

GFP
Plant growth studies were conducted to validate the enhancem&ea shaygrowth andSP7
survival and colonization in maize roatsthe presence dP7 combined with each of tlsex
bacterial strainsising the protocol described bjju and Kolter[222]. First, a small colony from
the frozen stocks of the six bacterial strains @R@were noculated in 2 mL of R2A broth at 28°C
and 215 rpm overnight. 5@L of overnight culture of each strain was transferred to 2 mL of fresh
R2A broth and cultured for another 8 hr at 28°C. Cells were suspended at 4400 rpm for 10 min
and resuspended in 1X PBSell suspensions were diluted to £1@lls per milliliter for each
strain. Each cell suspension was mixed \8BY in 50 mL falcon tubes in equal volume to prepare
the dualspecies bacterial suspensi¢p®2]. 80 surfacesterilized and germinated maize seedlings
were soaked in the six @alture cell suspensionSP7 monoculture cell suspension, mauodture
control cell suspensions of six individual isolatesda sterile 1X PBScontrol, without shaking

at room temperature for 1 hr. The maize seedlings adhered to bacteria, and the sterile seedlings
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were transferred onto 20 ml ¥2 Murashige and Skoog (MS) agar (0.8%) in 16 x 150 mm glass tubes
with sterile forcepsSterile empty glss tubes of the same size were attached to the tubes containing
seeds in a moutto-mouth way using porous air porous tdpe2]. Sealed glass tubes were then
placed in test tube racks and weensferred in a growth chamber under the conditions mentioned
above, and the growth of the maize seedlings was observed for 15 days to measure root lengths
and SP7 colonization in the maize roots in combination with one eith@cterial straind-igure

5.1C).

5.311 Quantification of A.brasilense SP-GFP colonization on maize roots
Three maize seedlings inoculated w7 monoculture and @ulture with one of the six bacteria
strains were sampled on day 15 after inoculation. Roots from each segdling were cut and
washed with sterile 1x PBS to remove agar adhered to the root surfacen Aohg primary root
fragent below the maize kernel was then cut and transferred into 1.5 mL centrifuge tubes
containing six glass beads (diameter: 3 mmppeo) and 1 mL sterile 1x PBS buffer. The bacterial
cells colonized on the root surfaces were dislodged by sonicating (amplitude: 30%; pulse: on 01
sec, off 01 sec; time: 30 sec) for 1 min, then vortexing for another 1 min. This step was repeated
twice, ard the tube was put on ice for 1 min. The bacteria cell suspensions were collected and
sequentially diluted by a dilution factor of®.A0 pL of the diluted bacterial suspensions were
spotted on R2A agar plates supplemented with 200 pg/mL of ampicillinl@ndg/mL of
tetracycline The plates were tilted to spread the cells on agar surfaces addedirbefore
incubating the plates at 28 °C in the dark for 16 to 60 hrs. The numbers of the-footomg
units (CFUs) were counted and recorded to calculBfe &undance in the roots colonized with

SP7 monoculture and -@aulture with the six bacterial strains using the following formRg2]:

A. brasilenseSPZGFP abundance = Q)
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5.4. Results and Discussions
5.4.1 Development of the Microwell Recovery Arrays for Screening th&ea mays L
Rhizobiome for Isolates Symbiotic toA. brasilense
To screen interactions betwegra mayshizosphere isolates and Sp7, it was first necessary to
identify nutrient media that recovered the highest taxonomic diversity. This ensured that a
maximum number of interactions would be observed duringuttoire. Here, LB, TY, and R2A
media wee used to culture the rhizosphere microbiomeZe&d mayslL., cultures were then
characterized using 16S community analysis. Sequencing unveiled 368 OTUs from the root
washing, 233 OTUs after culturing the root washing in LB media, 330 OTUs after cultueing
root washing in TY media, and 351 OTUs after culturing the root washing in R2A
(Supplementary Figure 1A . Shannondés diversity indexes for
after culture in LB, TY, and R2A media were 11.51, 9.334, 10.829, and 1Xekg®ctively
(Supplementary Figure 1B. Taxonomic bar plots for the rhizosphere microbiome showed
members of four bacterial phyla (Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria),
with PseudomonasSerratig Salmonella and Bacillus genus mking up the majority of the
communities Figure 52A). Based on the highest number of OT
diversity index, R2A media was selected as the culture media for the MRA screen.
After media selection, the MRA was used to screen for unknown interactions betwetrathe
mays Lrhizobiome samples andl. brasilensestrain Sp?GFP.Prior MRA screens used 10 um
diameter wells to confine bacteria together and facilitate interactiormzaameria were seeded at a
concentration of OBy = 0.2. Such conditions generated inoculum densities of ~35 cells/well,
where each well was inoculated with a unique multispecies combination of b§8terizl4]

Thes conditions were again used here, cells were thagped inside wells by attaching a
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photodegradable PEG membrgf8] and growth of Sp7 in each well was tracked during culture
over 24 hrs using TLFMSupplementary Figure 2,3, and % Growth kinetics were compared to
those of Sp7 monoculture contarrays to identify wells showing Sp7 growth promotion. Both

monoculture and coultures wereevaluated across 3600 microwells.
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Figure 5.2: (A) Taxanomic bar plots afea mayshizosphere enriched samples from roots
after culture in R2A, TY, and LB media. (B) TLFM images of a sample 15x15 ar
microwells during monoculture &. brasilenseSp7-GFP or during caculture ofA. brasilens
Sp*GFP withZea mays Lrhizospheg isolates seeded into wells at a Sp7:isolate ratio ¢
The promoter outlier well A (indicated by the white square) and the promoter outlier
(indicated by the white arrow) demonstrated the highespeird fluorescent signal and grow
rate of Sp7. (C) Sp7 growth curves generated from a sample 900 microwell array dur
monoculture (inset) and exlture.

Compared to the monoculture control, significant changes in Sp7 growth metrics were observed
on coculture. Averagedndpoint fluorescence levels of Sp7 monoculture across the measured
wells (n=3600 wells) showed relatively low varianeé<67) compared t@o-culture £2=553),

indicating anmpact due to the addition of the rhizosphere microbidamgufe 5.2B). Individual
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wells with increases in growth rates and final growth leveigufe 5.2C) were also frequently
observedWells containing Sp7 symbiotinteractions were detect&y comparing botlendpoint

fluorescent signals and growth rates of Sp7 to monoculture wedls ng Gr ubbdés out |
[168]. The top two outlierwells (well A and B) with highest growth rates and -gmudht
fluorescence signals of SpFigure 5.2B) were picked wusing Grubbods
promoter wells containing the most potent symbionts of Sp7. A noticeable lag time was observed

for Sp7growthin promoter outlier wells compared to the monoculture wells. But the promoter
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D (P. agglomerans) . (A. bereziniae) D uem

Figure 5.3 Isolate extraction and validation miteractions(A) Sequential removal of symbio
communities from Sp7 eoulture with maize root isolates. Target wells were exposed to U\
in a ring pattern with a 10 pm inner diameter and a 20 um outer diameter to rem
photodegradable membrane above the willer degradation, cells were washed out of
opened wells using R2A media. Yellow arrow denotes bacteria cells during removal fron
(B) Sp7 growth curves after inoculation into conditioned media from each of the six sy
isolates or uncondoned media (UCM)(C) Corresponding carrying capacity and growth r:
All growth experiments occurred at 28°C, 215 RPM. Statistical differences were identi
comparing Sp7 growth metrics in conditioned media from each isolate with Sp7 growtiivi
(Wilcoxon two-sample test, *=P<0.01, n=3 independent experiments).
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isolates present in the promoter wells significantly enhanced thpanfluorescent signals and
growth rdes of Sp7, indicating symbiotic interactiokiith this criteria,16.5% of the wells in the
co-culture array exhibited symbiotic interactions. The top two outheth the highest Sp7
endpoint fluorescence signals and growth rates after 24 hours of cwiweddentified for

selective recovery of the symbiotic isolates.

5.4.2Symbiotic Isolate Extraction, Identification, and Validation
The Polygon400 patterneduinination tool was used to extract Sp7 symbiotic communities from
the two highest outlier wells in the -colture MRA for species identification and -affip
validation. Target wells were exposed to ring patterned (20 um outer diameter,10 um internal
diameter) 365 nm light (20 mW/ctm10 min[90, 214) to degrade the membrane over the well
and retrieve viable bacteria. Membrane degradation and extraction was confirmed by brightfield
microscopy Figure 5.3A). Cells from an opened well were then retrieved by washing the arrays
with corresponding nutrient media (R2A media). Media used in the extraction was then streak
isolated on corresponding agalates (R2A agar) to recover individual isolateotwés. During
previous development of this extraction protocol, it was demonstrated that >99.9% of bacteria
extracted originated from an opened well with minimal ciasgamination from other wells or
from the outside environme[0], which ensured that the isolates recovered here originated from

one of the two target wells.

After extraction, phylogenetic analysis using 16S rRNA amplicon sequencing of all recovered
isolates was performedpplementary Figure 5. Eight symbiotic isolates were identified as
Serratia marcescen§ of 8), Serratia nematodiphilg1 of 8), Serratia ureilytica(1 of 8),
Enterobacter tabacf2 of 8), Acinetobacter berezinia@ of 8), andPantoea agglomerand of

8). At this point, the MRA reduced the initial root microbiome isolate sample to a panel of six
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isolates for further investigatioffrigure 5.1C). Details on the symbiotic isolates and their specific
plant growthpromoting capabilities are listed rable 1 It was notable that five out of the six
different isolates were previously characterized astpaowthpromoting rhizobacteri§l83,

223 227], however, to our knowledge, none have been reptotbdve a symbiotic effect oh.
brasilense

To verify the onchip observations, interactions between each isolat&pidvere recapitulated

in an independent offhip coculture. Following our previous validation assay proced2id],

cell free culture fluid (CFCF) from each isolate was added with R2A growth media at a ratio of
1:1 to create conditioned media. Sp7 was then inoculatiedonditioned media at an initial Q&3

of 0.2 and cultured in a 9%ell plate format to quantify its growth metridsigure 5.3B). Culture

in CFCF accounts for diffusive interactions between the focal species and the isolate and thus the
interactionsobserved in a 1.6 pL volume of an individual microwell are scaled up to 100 mL
solution volumes in individual wells of a 9@ell plate[214]. A monocultre of Sp7 (Olgy=0.2)

in unconditioned media (UCM), which was R2A culture media instead supplemented with a blank
solution (1X PBS) at a 1:1 ratio, was also performed and used for comparison. As a negative
control, conditioned media was inoculated with8pf7 to verify that the measured growth was
solely due to the isolates, not contaminating microbes. Growthcur{EZ2was then used to
estimate the carrying capacities and growth rates of Sgach experimentSupplementary

Figure 6). The quantified growth metrics revealed that, congruent with microwell observations,
all six isolates significantly increased the growth rate and carrying capacity of Sp7 compared to
the UCM monoculture controF{gure 5.3C), validating the interactions uncovered in the MRA

screen and motivating further investigation of the interacting pair in the context of a root host
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Effect on growth

Isolate Isolate 1D : References
promotion
Serratia nematodiphila Al N-fixing PGPR [223]
A2 Indole-3 acetic acid
Serratia marcescens (IAA) and siderophore 2, 228
B3 production
Serratia ureilytica A3 N-fixing PGPR [223]
A4 Indole-3 acetic acid
(IAA) and siderophore
Enterobacter tabaci production solubilization [226]
B2 of phosphate and
potassium; nitrogen
metabolism
Pantoea agglomerans Bl IAA production [228, 229]
Acinetobacter berezinia B4 N LDHIE BRI 17 [230]

plant growth promotion

Table 5.1: Identification of Sp7 mutualist isolates extracted from thea mayd.. rhizosphere
microbiome using the MRA and their previously described impact on plant growth promotion.

5.4.3Effect of A. brasilense isolate ceinoculation on Zea Maysgrowth
With apanel of validated isolates, the effect ofinoculation with Sp7 and each individual isolate
on the growth of axenic maize seedlings was studied in a growth chamber environment. After
inoculating the surfaesterilized and germinated seeds with a cedpsmsion containing both Sp7
and an isolate at a cellular ratio of 1:1, the axenic seedlings were transferred to a glass tube growth
chamber and allowed to grow in 2 MS agar for 15 d&ygufe 5.4A and B). Two control
treatments, one with no inoculationcdaone with Sp7 inoculation only were used for comparison.
Because several isolates also had known plant growth promoting propéaiss {) surface
sterilized and germinated seedlings inoculated only with individual isolates was added as a final

set ofcontrols Supplementary Figure 7. All glass tube growth chambers were then placed
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under diurnal light in a plant growth chamber, and height of the plants were measured every five
days.

(A) (B) (©)

i

Day 5

Plant Height, cm
»

Testtube 1

+ * * * * * *
Air porous 1 -
e -T$FFE

Maize
seedlings

Plant Height, cm

io F B

2 MS 5

Agar Day 15

Test tube 2 [ control O se?

[l se7 + A. bereziniae [ sp7 + E. tabaci
i [ se7 + P. aggiomerans I sp7 +s. mercescens
Sp7+ Sp7+ SpT+P.  SpT+S. SpT+S. Sp7+S.
Control SPT A A L i [ so7 + 5. nematodiphita  [] Sp7 + S. urelytica

Figure 5.4: Growth of axenic maize seedlings in growth chamber environment. (A) The ¢
tube growth chardr for accomodating surfacterilized and germinated maize seedlings inocL
with ultrapure water (control), Sp7 monoculture, and Sp7 with a promoter isolates. Two te
were attached in a moutb-mouth fashion with aiporous tape. (B) Growth dhe axenic mai:
seedlings in the doubkeibe growth chamber at Day 15. (C) Comparison of plant heights fo
treatment at Day 5 and Day 15 (*, Wilcoxon Rank testajpe < 0.01).

In all the treatments, leaf emergence from the maize seedlings was observed on Day 2, it was
therefore concluded that the isolateicoculation with Sp7 did not have an observed impact on

leaf emergence. Gimoculations also did not significantly impadapt height at Day 5. However,
significant differences were observed at Day Emgyre 54B and C). At this time, seedlings

grown after inoculating with Sp7 monoculture showed significantly higher plant height compared
to the axenic maize seedlings gronmvmo-inoculum conditions, demonstrating the positive impact

of A. brasilensealone. Additionally, axenic seeds soaked with Sp7 and each individual isolate
showed significantly higher plant height at Day 15 compared to both control treatments of Sp7
only and no inoculum. Finally, plant height for the seedlings inoculated only with individual

isolates showed diminished growth compared to seedlings inoculated with Sp7 only
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(Supplementary Figure 7. This control rules out growth enhancement only from indididua
isolates, and demonstrates that improvements in plant growth are achieved wisaultaiingA.

brasilenseogether with promoter isolates.

5.4.4Survival and Colonization of A. brasilenseon Maize roots
Given the A. brasilensegrowth promotion observed in MRA and -9&ll plate cecultures
combined with improved maize growth outcomes withirzeculation, we hypothesized that the
promoter isolates enhancé@dbrasilenseolonization levels over the root host during plant growth
studies. To test this hypothesis, standard plating methodology was used to measure Sp7
colonization levels in maize roots from the plant growth stuf2g]. Cell suspensions were
collected by wahing 20 mg of the roots after Day 15 using 1X PBS, then sequentially diluted by
a factor of 18, Suspensions were then plated in 3 parallel columns to quAntifasilenséevels
in CFU/mL. Plating was done on antibiotisgpplemented R2A agar platesOQ1 pg/mL
ampicillin, 100 pg/mL tetracycline) to selectively recover Sp7. To verify that only Sp7 would be
recovered, individual cultures of six individual isolates were also plated on R2A agar plates
supplemented with these antibiotics and cultured fohrfzand no cell colonies were observed

(Supplementary Figure §.

After plating the cell suspensions, it was observed that seedlimgpcolation withS. ureilytica

S. marcescen®. agglomerangE. tabaci,andA. bereziniagenerated significantly higher levels

of Sp7 compared to inoculations with only SpA/gue<0.01), withS. nematodiphilahowing

less of and increase-{falue<0.05) . Among the sixell suspensionss. ureilyticagenerated the

highest levels of SpThe CFU/mL value was normalized to the root mass to compute the relative
abundance of Sp7. While all isolates generated elevated levels of Sp7 relative abundance values

compared to the control (p<0.0%), ureilytica S. marcescen®. agglomeransandA. berainiae
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generated the most significant increases/ge<0.01). Similar to the CFU/mL data,-co
inoculations withS. ureilyticagenerated the highest levels of relative abundahicrie 5.5A
and B). This verifies that the isolates increased the survivdtalonization of Sp7 in maize roots

and strongly suggests this as the reason for the improvements in plant growtmocoutation,

as observed iRigure 54.

(A) ®)

CFU/mI

~
L A

LA &
. AL TS
w g

eyt
Abundance of Sp7

>
>

O se7 Il sp7 + A. bereziniae
- Sp7 + E. tabaci D Sp7 + P. agglomerans
B sp7 + s. marcescens Il sp7 + S. nematodiphila
o m Sp7 + S. urelytica

Sp7 A. bereziniae E. tabaci P. agg S. S. S.

Figure 5.5: SpZGFP colonization inZea maysoots.(A) Platedcolonies after 19fold dilutec
cell suspensions frordea maysroots in R2A agar plates supplemented with 100 |
ampicillin and tetracycline. (B) CFU/ml and relative abundance of&pl? from each &
inoculation inZea maysoots.

5.6 Conclusions

Unraveling microbemicrobe interactions that exist between PGPB and indigenous bacteria in the
rhizosphere of crops is critical for efficient and reliable use of PGPB in sustainable food and
agriculture productiof231]. Poor survival and colonization of inoculated PGPB in the rhizosphere
is commonly cited as a limiting factor in reliable PGPB field applicgi&32], highlighting the
needto expedite the pace at which important interactions are discovered. Building off of previous
progress[90, 139, 214] here we applied the MRA tool towards identification of symbiotic

interactions between a wédhown diazotrophic PGPB and maize rhizobiome samples taken from
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the field. In one screen, the MRA device uncovered six complementary bacteria from a maize
rhizosphere community that were complementari.tbrasilenseCompared to traditional, low
throughput methods of observing interactions that require sequenciufigatarisolates before the
interaction is observed, the MRA first provides highoughput observation of thousands of
interactions between PGPB and unknown microbiome members. Only isolates that elicit the
highest impact on PGPB growth metrics are remdeedequencing, identification and further
investigation. Combined with the higlensity of microscale eoulture cites, a single MRA device

can accommodate interactions from diverse and complex microbiomes consisting of thousands of
unique bacteria spexs or strains.

Here we also demonstrate, for the first time, that interactions initially observed in the MRA
screen can also be observed in the context of a root host, and that pairing of symbiotic isolates
found in the MRA with the PGPB can elicit a gog phenotypic impact on plant development.

The finding supports a growing body of literature suggesting that application of PGPB as
complementary, multispecies consortia instead of as sstigan inoculations can improve plant

health and developme[®233, 234] Moreover, the workflow developed hereonsisting of field
sampling, media selection, MRA screening, cross validation, and appliedagsa the ground

work for future bioprospecting endeavors that search for environmental isolates with symbiotic or
antayonistic interactions to bacteria with known functional importance. The rapid pace at which
interactions can be discovered and new isolates can be obtained can lead to savings in cost and
time, advantageous from both academic and commercial standpoigtsadBthe search for

microbes useful for PGPB consortia, the approach holds promise for discovery of pathogen
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inhibitors, both for biocontrol applications and for discovery of new bacteriocins that can combat

antimicrobial resistance.
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Chapter 6 : Micro well Recovery Array for Rapid Screening of Large Isolate

Collections for Identification of PathogenSuppressing Bacteria

6.1 Overview

Screening soil and root microbiomes to discover microorganisms that can inhibit the survival and
growth of palhogenetic bacteria is important for developing improved probiotic and biocontrol
agents. Microwell recovery arrays (MRA), a novel high throughput screening tool, is designed to
generate random combinations between a fluorescently labeled bacterial patibgerontrolled
number of microbiome isolates. Isolates that display the highest levels of pathogen antagonism
can be extracted, validated with -affip assays, then characterized with whole sequencing. With
the aid of the MRAs, libraries containing 5@BiqueAgrobacteriumsolates are rapidly screened

for pathogen suppressioNlRAs were designed to operate in a pathogen challenge mode that
screens for the most potent inhibitorsAgfrobacterium tumefacienthe causative agent of Crown

Gall disease in plants. Whike tumefacienpathogenesis and intraspecific interactions Hmean
studied extensively, far less is known absuttumefaciennteractions with other members of
plant microbiomes. Therefore, a high number of fluorescently lalfelédmefaciensp.15955

was combined with a low number of npathogenicAgrobacteriumisolates collected from
Helianthus annuusoots to isolate thégrobacteriumisolates most capable of suppressig
tumefacienssp.15955. First, an inoculum &. tumefaciensp. 15955 expressing GFP and
Agrobacteriunmisolates was seeded in microwellyvatious cellular ratios. After culture, selective
recovery of cells from individual wells displaying the highest levels of Agro &5 inhibition

was achieved using a highsolution, lightbased extraction system. The interactions are then
validated in96-well plate assays, and the phenotypic characterization of the candidate isolates is

performed. Here, severAbrobacteriumsolates were uncovered for inhibitidg tumefaciensp.
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15955 growth. A total of nine ngmathogenicAgrobacteriumisolates wes discovered as potent
inhibitors of Agro 159555FP, and a bacteriocin bioassay was conducted to validate the inhibitory
effects of isolates. The discovery of such groewithibiting isolates will help improve plant
productivity by using them as reliableobontrol agents that prevent Crown Gall disease. Further,
the MRA pathogen challenge model developed here is broadly applicable to screening
microbiomes or isolate collections for pathogehibiting bacteria and their associated gene
clusters, relevant tdiscovery of probiotic strains and discovery of new antibiotics in response to

the emergence of antimicrobial resistant pathogens.
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6.2 Introduction
Pathogenic microorganisms are often causative agents of plant dj28&se236] blood
contaminatiorj237, 238] lung infection239, 240] and food poisonin{238, 241]in humans and
animals. Probiotic bacteria that are antagonistic towards these pathogens represent a potential
alternative in preventing and controlling pathogenic microorganisms. Application of microbes that
are antagonistic towards these pathogensdtantly emerged as a promising alternative approach
to traditional biocontrol methods, which are limited by time sensitivity, low host specificity,
unpredictability, and high capital cost. With this approach, screening and isolation of beneficial
bacteriafrom their natural environment, followed by genomic characterization, is essential for
their discovery and applicatiof242]. However, despite recentdwances in genomic and
metagenomic approaches to determine community structure and species abyd@hnce
identification of those organisms with the highest potential for pathogen inhibition from a complex
microbiome remains difficult, primarily due tbd@ wide range of functional diversity found in
natural isolates and the missing link between genomic information and function in most organisms.
Based on their observed interactions with pathogens, screening microorganisms is a
promising alternative foselecting potential biocontrol agerjtsl, 243] Observing microbe
microbe interactonsea provi de i nsight into the antagoni z
its effectiveness against the competing pathdgdéd]. Such an approach has proven to provide
the discovery of landmark biocontrol agents. For examplgrobacterium tumefaciens
ubi g u iptoteabacteridm of the Rhizobiaceae family and the causagest of crown gall
disease in plant®45, 246] infects more than 90 families of dicotyledonous plants, resulting in
significant agronomic lossg247 250]. [251, 252] Rhizobiunrhizogenek84 and its plasmid

transferdeficient derivative K1026 have been widely used as crown gall biocontrol ageatsse
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of their innate capabilities to produce the antibiotic agrocifi288]. This wasthe first natural
bacterial isolateised as a commercial biocontrol agent and was initially isolated from the soill
around a plant galR54]. While traditional techniques for environmentahtrol include reducing

plant wounds[251], abandoning pathogen infested sdi&65], soil fumigation[245], and
Agrobacteriurainduced programmed cell ded®b6] have also been explored, use of avirulent
Agrobacteriumstrains such as K84 have proven to be the most effective ldviting A.
tumefacieng257]. Despite its commercial success, K84 has been impeded by limited host
specificity, necessitating the need for a more diverse and robust panel of biocontrol agents against
A. tumefaciendg-or exampleKawaguchiet al. conducted in vitro antibiosis assay faological

control of crown gall by combining ngpathogenicAgrobacterium vitistrain VAR031 from a

nursery stock of grapevin&/itis viniferalL.) with A. tumefacienstrains in yeastnannitol agar
plates[258]. Non-pathogenicAgrobacterium vitisstrain VARO31 produced a bacteriocin and
successfully inhibited tumor formation on the stems of tomato and grapevine seedlings caused by
Agrobacterium tumefacierf258]. Recently, Li et al. screeneddgrobacteriunvitis sp. E26 can
produce the antibacterial compound Ar26, with proven inhibition against crown gall {2%8}.s

While both applications successfully screened-patihogenicAgrobacteriumstrains to inhibit
pathogenicA. tumefaciensstrains, they were widely reliant on qualitative, low throughput
observation of manually paired, disgdecies bulk populations in agar plates.

Micro- and nanoscale devices are useful alternatives for aduyed® limitations of
classical methods for studying bacteria interaction because they facilitatehfaghghput
measurement and can track singéd behavior while providing a wetlontrolled
microenvironment. These approaches have advanced our undargtaf microbial mutualism

[179], metabolite exchangd80], community adaptation to environmental press(@és 181]
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and the role of spatial structure in driving community phenotjptsl82] among other findings.
Here,microwell recovery array (MRA), a higthroughput, lalon-a-chip device was demonstrated

to screen paiwise or multispecies interaction networks among environmental bacterial isolates
and a fluorescentabeled focal species in tipathogen challenge modghe platform offers the
benefit of combining then screewj up to 16 unique microbial combinations, then recovery of
any sample from any well for genetic characterization, dramatically increasing the pace at which
significant interactions can be uncovered. Our previous stU@ie4] provided an initial
demonstration of this approach by screening interactions between a beneficial plant growth
promoting bacteria (PGPB) and tR®pulusrhizobiome to uncover higherder networks of
bacteria that promoted PGPB growth. Building on thisaeggh, the MRA screen was adapted to

a fAipathogen challenge moded where the focal
used to challenge isolates that are potential candidates for biocontrol. By controlling the pathogen
to-isolate seeding riats [85], isolates are countered against increasingly higher numbers of
pathogengo identify tre most potent inhibitordJsing this methodologya small number of.
tumefaciensp. 159558he plant pathogenetic focal species expressing GFP was combined with
Agrobacteriumsolates extracted from the rootsH#lianthus annuuplants and seeded iraorays

of 10um diameter wells in different cell ratiog/hile seeding interacting cells together in such
very small confinement, muipecies biofilms are successfully mimic88] and intercellular
interactions are facilitated. The seedezlls are then trapped inside the microwells with a
previously developeghotodegradable polyethylene glycol (PBES&sed membranf©0], co
cultured, and then focal strain growth in each well is tracked with-lapse fluorescent
microscopy (TLFM). Microwells with diminished Agro 159%5-P are extracted from any

individual well using a patterned light source by spatially eroding the ma@preleasing cells
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into a solution for recovery and downstream genome characterizdigure 6.1). With the
extraction and recovery capabilities of the MRAs, a collectioAgsbbacteriumisolates capable

of diminishing Agro 15955GFP were sampled fdollow-up phenotypic characterization and
whole genome sequencing. A total of nikgrobacteriumisolates capable of inhibiting the growth

of Agro 15955GFP were extracted in the pathogen challenge mode and were validatbgoff
using 96well plate valdation assays and bacteriocin bioassays. Currently, the whole genome
sequences of the Agro 15988-P are undergoing bioinformatics analysis to identify bacteriocin

gene clusters responsible for pathogen inhibition.

6.3 Experimental Methods

6.3.1 Preparation and culture of A.tumefacienssp. 15955 Strains
Bacteria strains and the plasmids used in this research are listed abtb&1 A.tumefaciensp.
15955 expressing sfGFiPom a T-DNA insertion, as described by Platt et [@60]. Plasmid
pSRKKmsfGFP was introduced int®. tumefaciensp. 15955 via mating witkscherichia coli
S171 opir carrying the pl as mi {l65]. These plagmigswere/ i ou s |
transformed into competent S17 ap i r E. col i strain-shockisi ng
transformationA. tumefaciensp. 15955 were stored in 50% glycerol@&at0 Stelle inoculation
loops were used to pick up cells from the éozstocks andulture in ATGN media (0.079 M
KH2PQi, 0.015 M (NH)2SQs, 0.6 mM MgSQ.7HO, 0.06 mM CaGl2HO, 0.0071mM
MnSQy.H20, 0.125 M FeS@7H,O, 28 mM GlucosepH: 7 = 0.2)in sterile test tubes
suppl emented with Fa2dlars(8eC, 215rpn).50 € g/ mL)

6.3.2 Extraction and culture of Agrobacterium root isolates
Sunflowers were identified ablelianthus annuudefore blooming based on leaf and stem

morphology. Sunflowers were extractedg®ntly removing soil from around the base of the plant
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using a spade. Roots were exposed by gently shaking the root to remove excess soil. Samples were
then placed in a Ziploc bag and placed on ice until at the lab. Once at the lab, the samples were
weighal and soaked in 1X phosphate buffer saline added to the Ziploc bag. The bags were agitated
every 10 minutes for 1 hour. 200 mL were then removed from thevatér slurry and diluted.
The dilutions were plated on media 1A and placed at 28°C for 3 to$ Gajonies that were
round, black, and shiny were then struck onto yeast lactose media and ATGN. These samples were
placed at 28°C overnight. The next day the yeast lactose plates were flooded with Benedict's
reagent, and colonies that formed a yellowcjmitate were selected from the corresponding
ATGN plate and struck for isolation on ATGN and incubated overnight at 28°C. A colony was
selected from that primary isolation streak and was struck again for isolation on ATGN, which
was then incubated overiigat 28°C. A colony from the secondary streak was then selected and
grown in liquid ATGN to freeze aB0°Celsius. From the freezer stock, the isolate was grown in
liquid ATGN overnight until an OBy of between 0.4 and 1.0 was reached, which should
correspond to cells in the mibg growth phase.
6.3.3 Initial Sequencing ofAgrobacteriumroot isolates
The Qiagen blood and tissue kit were used to extract the DNA. DNA concentrations were measured
with a pico green assay kit. The DNA was then sent to Inedjr@enomics Facility (IGF) at
Kansas State University, and we received the raw files back once they have sequenced them.
6.3.4 MRA design and fabrication
MRAs containing 10um diameter microwells, 20um depth, and spaced at a 30um pitch were
etched on silicon wafers (University Wafers). The array was divided into a 7x7 grid-afrayb;
each sukarray consisted of 15x15 arrays of microwells and contain®@2% Inicrowells available

for analysis[214]. Wells were assigned with unique-ohip addresses for identification during
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brightfield microscopy. 4nch diameter Nype silicon wafers (University Wafers) were coated
with a l1lem thick | ayer of Parylene N (PDS 20
standard photolithography techniques following previous protocols wapked to fabricate
MRASs [90, 214]

6.3.5 Bacteria seeding and trapping in microwell arrays
A.tumefaciensp. 15955GFP andAgrobacteriumroot isolates were grown in ATGN minimal
media to midlog phasend resuspended in their respective growth media to apOfD.1. Cells
were inoculated in microwell arrays using the protocols described in previous [#{he244]
700uL cell suspensions were utrated over the substrates at room temperature for 1hr. Then, the
substrates were dried, followed by the paryleneolfiftprocess to remove cells attached to the
background regions of the arrg8b, 214] For coculture studies of screenidgyrobacterumroot
isolates, the seeding solution contained SP 1&9BB, andAgrobacteriumroot isolates were
mixed at ratios of 1:1, 10:1, and 100:1. For 1:1 ratiogdedD.1 cultures of SP 15955FP and
Agrobacteriunroot isolates were mixed at equal volumes tichea final Olgoo=0.1. Again, for
the 10:1 ratio, Okyo=1 cultures of SP 15956FP and Olyo=0.1 cultures ofAAgrobacteriunroot
isolates were mixed and diluted to reache680.1. Similarly, for the 100:1 ratio, Q&=10

cultures of SP 15956FP and Olho=0.1 cultures oAgrobacteriunroot isolates were mixed and
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diluted to reach ORo=0.1. 700pL of each of these suspensions were seeded on top of microwell
arrays for 1hr at room temperature foragdture studies.

Helianthus
annuus root
isolate mixture

A.tumefaciens
sp.15955

v)

n W whole genome
‘ ’ ' sequencing of
‘ ' ’ ' inhibitory isolates

(i) NG (i) NG

. patterned light

exposure target
wells ()

(i) A.tumefaciens sp.
15955 challenge
model

Figure 6.1: Microwell recovery arrays foscreening in the pathogen challenge mode. (i)-
expressingAgrobacterium tumefaciensp. 15955 are combined withgrobacteriumisolate:
from Helianthus annushizosphere at a cellular ratio favorable fatumefaciensp. 1595
growth. Here, a limited maber ofAgrobacteriumsolates were challenged agaiAstumefacier
sp. 15955 to discover the most potent inhibitordAotumefaciensp. 15955. Here, differe
shapes represent unigégrobacteriumisolates. Cells are stochastically seeded and tri
within microwells using a photodegradable PEG hydrogel membrane to get unique comt
of interaction networks and monitored in parallel duringatiure using TLFM. (ii) Wells wit
lowest levels of focal species growth were identified as anatagamustiers. (iii) The membrar
over the target antagonistic well is eroded using patterned light exposure, then (iv)
inhibiting the growth ofA.tumefaciensp. 15955 were extracted and recovered from an o
well and characterized using whole gare sequencing.

6.3.6 Photodegradable membrane attachment
A previously described protocol for attaching the photodegradable hydrogel membranes to
microwell arrays was used hd@0, 214] At first, perfluoroalkylated glass slides were prepared
by incubating 25x25 mm clean glass slides (Fisher Scientific) in 20 mL of 0.5% viv
trichloro(1H,1H,2H,2Hperfluorooctyl) silane in toluene for 3 H&0, 214] Then, NaHPQs was
added with ATGN liquid media to obtain phosphate buffer saline (PBS) with 100mM final

phosphate concentration, and the pH of the solution was adjusted eight by adding BNalg§gO
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12.5 pyL of this PBSATGN sol uti on was then mixed with
di acryl ate monomer ( MWarm REG @Ghjol sauticsh ménonger te dbtaim f  a
membrane precursor soluti¢b41] (MW 10000, NOF America Corporation, BEDOSH) with
equal concenttaons of both PEG diacrylate monomer (22mM) and faum PEG thiol solution
monomer (22mM). The membrane precursor solution was then transferred on top of the microwell
substrates by pipetting 15uL of the liquid precursor solution on top of the perflkgdedat glass
slides and placing the solution over the seeded microwell substrate. A constant 38um gap between
the glass slide and the microwell for the precursor solution was provided with the aid of metal
spacers were used. The membrane was then fotmedgh monomer crosslinking and gelation
by incubating for 25min at room temperat{®8, 214] After careful separation of the glass slide
from the membranéunctionalized microwell array, the microwedrray was placed inside a
custom 3D printed scaffold, previously designed for imaging microwell arrays withldjpse
fluorescence microscofdg214].

6.3.7 Timelapse fluorescent microscopy
Time-lapse fluorescent microscopy images were acquired with a Nikon EclipdeinMerted
microscope equipped with a 20x objective, a motorized XYZ stage, a humidifiedelive
incubation chamber (Tokai Hit) a B@Mc monochromatic digital camera, and NIS Elements
Image acquisition software. The seeded microwell arrays were sealed with the photodegradable
PEG membrane, and the inverted arrays were placed in a custom 3D printed scaffold to keep them
submerged undeiiquid media while imaging214]. Then the scaffold was placed inside a
humidified livec e | | Il ncubation chamber at BAs@édtdmaderr i ng
15955GFP and YR34&5FP strains (20x, 200 ms, 17.1x gain) with a neutral density filter with

25% standard light intensity to ensure imaging without photobleaching. Brightfield images were
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also taken at each section of the array after flogr@simaging. Images of the microwell arrays
were taken every 60 minutes during culture.

6.3.8 Image Analysis
GFP fluorescent images from the 15956P andAgrobacteriunroot isolate ceculture system
was analyzed by the protocol described by Tigtral. We used the Protein Array Analyzer tool
in ImageJ to generate growth profiles for each organism to identify the top 3 wells with the lowest
growth levels for extractiofil37]. At first, the timelapse fluorescent images were imported as
image sequences corrected by subtracting darkfield images from illumination field images with
the image calculator plugin. Then image backgrounds were removed by selecting a 125 radius
sliding paraboloid, and illumination correction was performed using calculator plus plugin.
Finally, each strainbés growth in the microwel |
[137].

6.3.9 Recovery and storage of Isolates from microwell arrays
Isolates were extracted from microwell arrays by following the procedures described previously
[90, 214] The top three indidual wells (A, B, C) with diminished growth of Agro 159&5-P
were then opened by exposing thema ting pattern UV exposure area with 10um inner diameter
and 20um outer diametefhe individual isolate cell suspensions were plated onto ATGN agar
media dter extraction, and three colonies were sampled from each extracted microwell based on
differences in colony morphology and color. Then individual colonies were cultured in AT
minimal media and stored in glycerol stocks to extract genomic DNA of eaakeis®lindividual
antagonistic isolates were recovered in this process and labeled as isolate Al, A2, A3, B1, B2, B3,

C1, C2 and C3 for validation.
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6.3.10 Validation using 96 well plates.
To obtain CFCF from individual isolates, each isolate was culfurdd@ C, 3000 rpm) i
ATGN liquid media overnight, and then cells were removed from the media by centrifugation
(2000g, 10 min). To obtain CFCF from combinatorial mixtures, isolate panels were instead
inoculated together in R2A media and cultured roight, followed by cell removal by
centrifugation. To obtain conditioned media, isolate CFCF was mixed with Agro {&BB5n
fresh ATGN media at a 1:1 volumetric ratio to reach an initiafd@Zalue of 0.1 (final volume =
100 pL), at which point growth was quantified with a Biotek Epoch 2 Mytide Microplate
Reader (28 C, 300rpm). Unconditioned media wa!
1X PBS was added to fresh ATGN media indted isolate CFCF. To verify, the QB
measurement was due to Agro 1595BP growth, CFCF from selected isolates without
inoculation of Agro 1595%5FP was also measured. A total of n=3 independent replicates were
measured for each culture conditidime gowth kinetics of Agro 1595&FP in all ceculture and
monao-culture wells were analyzed with Growthcurver, an R package to determine the growth rates
and carrying capacities of bacteria c§ll82]. The average growth rates of Agro 15956P were
calculated for each eculture, and monaulture wells and the average growth rates of each
combination were compared with those from the romiture using the Wilcoxon twesample
test.

6.3.11 Bacteriocin loassays
Strains to be tested for bacteriocin production were detected on ATGN agar plate\.using
tumefaciensp. 15955 as an indicator, following the protocol described by Fattahj&tJaAgro
15955GFP and recovered nine antagonist isolates were cultured overnight in ATGN liquid media

at 28 °C and 215 rpm. All cultures were diluted toeaE0.6 in ATGN media. 35 pl of the
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antagonist isolates were inoculated in tubes containing 10ml of molt&NAdgar (65 °C),
vortexed vigorously for 10 s, and then poured
Agro 15955GFP cells were spotted in the center of the solidified agar previously overlaid with

antagonist isolates and allowed to-@iy. The plates were then wrapped with parafilm to prevent

Figure 6.2: Phylogeny tree for Agrobacterium isolates extracted frsiianthus annuusoots

the shrinking of the media and incubated?8t°C for 72 hrs to validate the accumulation of

bacteriocin257].
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6.4. Results

6.4.1 Wholegenome sequencing uncovers a diverse collectionAgrobacterium

isolates
The wholegenome sequencing of thielianthus annuusoot isolate collection generated a diverse
collection ofAgrobacteriumisolates. A total of 57@grobacteriumsolates were identified from
the wholegenome sequencing data.

6.4.2 Coculturing a reduced number of Agrobacterium root isolate cells with A.

tumefaciens sp. 15955 for the MRA screening in pathogen challenge mode
To demonstrate operation of the MRA in pathogen challenge modemefaciensp. 15955
(hereafter denoted Agro 159%8-P) andAgrobacteriunroot isolates were stochastically seeded
in microwell arrays at different cellular ratios, trapped the cells inside the microwells using
photodegradable PEG membrane, and tracked. Agro 16g85fluorescent signals were used to
screen for isolates inhiliitg the growth of Agro 1595&FP. Control Agro 1595&FP mone
culture arrays seeded only with Agro 15986P at Olgo=0.1 were tracked with timpse
fluorescence microscopy (TLFM) for comparison. In each case, Agro 46BB5growth was
tracked across 4xdrrays of microwells, with each array containing 225 wells (n=3600 in total).
Fluorescent signals of each well were calculated every hour and over 24 hours usingli8¥geJ
The seeding of Agro 15956FP contributed to a consistent growth trend throughout the array in
the Agro 15955GFP in moneculture control(Figure 6.3A). This resulted in a low variance of
the distribution of 2% dmaaminal grbwthuraterob~6.01ehint | ev e
most wells. Despite having nominal growth in most wells, a fraction of wells in the-oubtuoe
arrays were outlier wells showing endpoint fluorescent signals significantly lower than the nominal

wells. This can be due the presence of a very low number of cells initially seeded in these wells,
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which can occur due to the Poisson seeding prdé&$sAlthough the outlier wells in moRo
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Figure 6.3: The MRA pathogen challenge mode. (A) TLFM images of a sample
array of microwells afteriY seeding only Agro 1595&FP (monoculture control) (
seeding Agro 1595&FP withAgrobacteriumsolates at a ratio of 1:1, (iii) seeding A
15955GFP withAgrobacteriumisolates at a ratio of 1:10, (iv) seeding Agro 15@5=F
with Agrobacteriumsolates at a ratio of 1:100. (B) Averaged growth curves generate
a sample 900 microwell array during mecuture and cecultures, (C) averaged grov
rates from the 900 microwell array calculated for moaltiure and cecultures, (D) % c
outliers in ©-culture arrays exhibiting inhibition against Agro 15956P. Wilcoxon tw:
sample tests were conducted to compare the % of outliers-cnlttwe with the % ¢
outliers in Agro 159555FP moneculture. The % of outliers in the case of Agro 15
GFP andAgrobacteriumisolates ceculture at a ratio of 1:100 showed -significan
differences with the % of outliers in Agro 159&8-P moneculture. The % of outliers
1:1 and 1:10 caulture ratios were significantly higher compared to the % outliers in
co-culture ratio and hence the Agro 15985P moneculture (*, pvalue<0.01).

culture showed significantly lower endpoint fluorescence signals of Af#B5IGFP, the growth
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rates of Agro 1595%FP were similar to the nominal growth rates. The nominal growth rate of
Agro 15955GFP in moneculture was later used as an important growth metric for comparison
with Agro 15955GFP growth measurements in-caltures Figure 6.3B, C, and D).

For coculture, Agro 159585FP andAgrobacteriunroot isolates, cultured in ATGN media, were
mixed (ODy00=0.1) at a ratio of 1:1 and seeded in 10um diameter microwell arrays and the growth
kinetics of Agro 159585FP were trackein each well for every hour over a period of 24 hours.
Compared to the monoculture contrbigure 6.3A), the first ceculture generated a variety of
growth outcomesHigure 6.3B). As evident, the majority (28%) of wells showed no fluorescent
signal, indcating isolates that were able to inhibit Agro 1595BP at a low challenge level
(Figure 6.3A, D). To further challenge th&grobacteriumisolates against Agrbd5955GFP, the
number of isolates seeded in each well was decreased by one and two orders of magnitude using
Agro 15955GFP : isolate seeding ratios of 10:1 and 100:1. The different seeding ratios generated
higher ratios of Agro 1595&FP cells againsAgrobacteriumroot isolates during eoulture to

further select the top inhibitory isolates. In the case of theuttare of Agro 159555FP and
Agrobacteriumsolates at a ratio of 1:10, the number of outliers inhibiting Agro 15955 dropped to
15.5%(Figure 6.3D). The number of Agro 15956FP inhibiting outliers dropped to only 1.5%
when Agrobacteriumisolates were further challenged by combining with Agro 1588® at a

ratio of 1:100(Figure 6.3D). This is due to the higher Agro 15955 initially seeded,grisg a
greater challenge to antagonistic isolates.

In co-cultures, outlier wells with negative interactions were observed with decreased endpoint
fluorescence signals of the wells. The outlier wells were picked®vithu b b 6 s fl68tby i er t €
comparing the endpoint fluorescent signals, as well as the growth rates of AgreQ@RER55 co

culture with the nominal growth rate and endpoint fluorescent signal of Agro ABBB5n mone
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culture to ascertain that the wells were showing positivenagdtive interactions between Agro
15955GFP andAgrobacteriumisolates in a single well. Wells with lower endpoint fluorescent
signals and with a growth rate similar to the nominal wells were omitted as outliers since these
wells can have only a limitedumber of Agro 1595%5FP cells and négrobacteriumsolates to

(A) (B)

cultured wells ——— — exposure — — extraction —

® o o ©c @ ©

© o o ® 0 9o

Rign pattern for
exposure.
ID=10pm and
OD=20um

Figure 6.4: Sequential removal of antagonistic communities from an arragecton after c
culture. (A) Microwell array before and after-calture. This 15x15 microwell array contai
Agro 15955GFP antagonistic (red) community that were targeted for extra¢Byrlargete:
removal of the microwell community in which Agro 1596%P grew poorly (red outline). Pur
area denotes a ring pattern UV exposure area with 10pm inner diameter and 20um outel
used for membrane degradation.

interact with. The distribution of the endpoint fluorescent levels of the Agro 168%5showed
very low variance in mono u | t &%97kconipéred to the ewultures at 1595%s0late ratios of
1: 2>=q109),%=4r:1) 0 (ain &162);indicatihg gn impact due to the addition of the
Agrobacteriumsolates Figure 6.3A). The growth curves based on the average fluorescent signals
of each array also indicated that the additioAgfobacteriumsolates generated variable growth

scenariosKigure 6.3B, C).
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6.4.3 Sequential extraction, recovery, and identification of isates from microwell

communities.
A Polygon 400 patterned illumination tool was used to extract Agro 18395 inhibiting
communities from the three wells with the lowest Agro 15@89° endpoint fluorescence signal
after 24 hours of culture to run ethip identification and validationRigure 6.4A, B). The target
wells were exposed to a patterned 365 nm light (20 mA/@&® min), exposure conditions
previously applied for membrane degradation, to ablate the membrane over the well and retrieve
viable bacteria from well§90, 214] The degradation of the membrane wasficmed by
brightfield microscopyKigure 6.4B). After exposure, cells were retrieved from an open well by
washing the arrays with extraction buffer (ATGN media + 0.05% Tween20 solution). Later,
individual isolate colonies were recovered by streak is@dltia extraction buffer on ATGlsgar
plates. It was previously observed that >99.9% of bacteria were extracted from the opened wells
rather than from outside contaminati@®], providing high confidence that the target well was
the source of the recovered bacteria. It was further validated in the previous characterization that
bacteria could be removed entirely from the target well with minimal -@astamination when
opening additional wells for further samplind90]. Following recovery, wholgenome
phylogenetic analysis was conducted for comparative genomic analysis of the extracted isolates
against the Agro 15956FP genome. The analysis revealed that 6 out of 9 isolates extracted from
the wells contained at least omeique geneKigure 6.4B).

6.4.4 Validation of interactions by recapitulating in 96well plate format.
It was previously demonstrated that positive and negative microbial interactions observed in
microwell recovery arrays can be validated-difp by reapitulating in a 9évell plate format

[214]. Here a scaledip environment was presented (from 1.6microwell volumes to 100 pL
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Figure 6.5: Interactions identified in the MRA can be validated inv@8l plate format. (A
Agro 15955GFP growth curves after inoculation into conditioned media fron
antagonistic isolates, therBember isolate consortia, or unconditioned media (UCM)
control (black line) is conditioned media that was not inoculated with Agro 16#%51c
verify that there was no growth carry over or contaminating microbes prd&)
Corresponding carrying capacity and growth rates for each growth curve. All |
experiments occurred at 28°C, 215 RPM. Statistical differences were identif
comparison of growth metrics between Agro 15@F=P culture in conditioned media fri
each isolate or isolate mixture and YR343 growth in UCM (Wilcoxon-sample tes
*=P<0.01, n=3 independent experiments). (C) Observations of the follow up bac
bioassay. The control plate consisted of Agro 158%% in both center and in the agad
a uniform growth was observed throughout the plate. Control Agro 1G8%5 bacteri:
growth is contained inside the red dashed line. The antagonist isolates in the cent
plate showed a zone of inhibition surrounded by Agro 1896P. Here, bactal growth o
the antagonistic isolates is contained inside the red dashed line.

solution volumes) to measure how strainslli%olated from MRA influenced the growth of Agro



15955GFP. It was hypothesized in the previous studies that the inhibition measiMBd\s was
direct caused by diffusive interactions between the focal species and the collection of isolates
present within a well. This hypothesis was tested in the current approach by culturing Agro 15955
GFP in 96well plate format in media conditioned bine selected isolates selected from the top
3 antagonist wells (Well 7008jgure 6.2). To obtain conditioned media, each antagonist isolates
were first cultured in ATGN media to stationary phase, andfi@al culture fluid (CFCF) was
collected by remaing cells. Fresh Agro 15956FP cultured in ATGN media was then added to
the CFCF in a 1:1 volumetric ratio for growth monitoring. These growth curves were compared to
a control curve with Agro 15956FP growth in unconditioned media, which consisted DEA
media instead supplemented with blank 1X PBS buffer at the same volumetric ratio. A second
control curve consisting of conditioned media without Agro 1585% inoculum was also
included to verify that measured growth was not due to contaminatingh@scr@rowthcurver R
was then used to estimate bacterial carrying capacity and growtfi9ajan each experiment
(Figure S1). Congruent with microwell observations, it was observed that conditioned media from
9 isolates significantly reduced the carrying capacity and growth rate of Agro -CFB5
compared to its culture in unconditioned medtg(re 6.5A). Conditioned mediarém the
combined 9member antagonist combination showed significantly lower carrying capacity and
growth rate than the unconditioned control me#ig\re 6.5B, Tables S2S3).

6.4.5 Followup phenotypic characterization of antagonist isolates
Following cell retrieval and recovery, the antagonistic isolates were streaked onto ATGN agar
plates. The bacteriocin bioassay was performed as described in experimental methods to
corroborate phenotypic observations in the microwell arrays with stand@ardbiological

approacheg87, 257, 261] The coculture of the antagonistic isolates and Agro 15689°
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generated a zone of inhibition, i.e., a region near antagonistic isolates with no bacterial growth due
to inhibition Figure 6.5C). Additionally, Agro 15955GFP cultured in the center of the ATGN
plate supplemented with Agro 15988-P as control generated a uniform growth throughout the
plate Figure 6.5C). It was concluded from these observations that mingbitory phenotype
observed between the isolates and Agro 159BP in the microwell screen can be validated using
standard followup assays.

6.5 Discussions

Crown gall disease in plants, caused by tumorigenic Agrobacterium tumefaciens, has often been
regarded as an economically important diseegeasing extensive damage to plant hef62].
Biological control ofA.tumefaciensvith antagonistic strains of ngrathogenic Agrobacterium
isolates has been successful in many applicati@®, 253, 25v259] But, classical
microbiological techniques for probing interactions rely on manually pairing isolates together
(Goers et al., 2014); inherently lethroughput approaches are often based onitgtia¢
observations of bulk populations. Mierand nanoscale devices offer vast improvements by
providing highthroughput measurement, observation of skuglé behavior, and precise design
and manipulation of the microenvironment.

Here, the rapid isation of Agrobacteriumisoloates that were tofp.tumefaciensvas performed

by operating the MRA in a pathogen challenge mode. Agro 16095 and Agrobacterium
isolates were caultured and seeded in microwell recovery arrays in thremultore ratios (1,

10:1, and 100:1) under conditions favorable growth conditions for Agro 1G8%5 By
challenging the isolates with increasing numbers of Agro 188958, we were able to lower
numbers of antagonistic outliers generated across the array and therelsdsahd¢ctthe most

potent who learned to survive and grow in excess of Agro 1&095. It was demonstrated that
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the Agro 15955GFP and theAgrobacteriumisolate ceculture ratio of 100:1 generated Agro
15955GFP growth trends similar to Agro 15983-P moneculture Figure 6.3B). Here the
average growth rate of Agro 15983-P among the microwells in 100:1-colture ratio showed

no significant difference with the Agro 159%8-P moneculture Figure 6.3C) and the number

of antagonistic outliers showing inhitwiti of Agro 15955GFP was significantly less compared to

the other two ceculture ratios FFigure 6.3D). However, under these 100:1-colture conditions,

only a limited number of antagonistic outliers were generated (1 in 67 wells), based on endpoint
fluorescent signal and growth rate of Agro 1595BP. These wells were identified as containing

the most potent inhibitory isolates .

Outlier wells were exposed to ring patterned UV light of internal diameter 10um and outer
diameter 20um. Using the ring patteamly the perimeter of the microwells was exposed to UV
light while keeping the inside of the wells covered to preserve the functionality of the isoalte. After
exposure and removal of the membrane on top of the outlier wells, the majority of the ogfls out
the opened wells were extracted by washing with ATGN nutrient media. The extracted cells were
stored in glycerol stocks and sterile isolated using ATGN agar plates to recover nine individual
agrobacterium isolates. The isolates were then cultured inNAT@&dia, and the genomic DNA

was extracted from these isolates to perform whelgome sequencing. The interactions observed

in the microwell arrays were recapitulated inéll plate assays to validate the inhibition of Agro
15955GFP. This offchip asay demonstrated that all nine agrobacterium isolates selected from
the MRA also diminished the growth eatand carrying capacitiesf Agro 15955GFP in a
standardized assay. Later, the nine isolates were validated for the diffusive interactions due to
baderiocin gene clusters in a standard bacteriocin assay. The bacteriocin assay generated a zone

of inhibition around theAgrobacteriumisolates, indicating further proof of the diffusive
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interactions causing the inhibition of Agro 1596%P. Currently, bigiformatics analysis is being
conducted in the Platt Lab at KSU to identify the candidate bacteriocin gene clusters from the
extracted isolates using whedenome sequencing.

6.6 Conclusions

Agrobacterium tumefaciens the natural genetic engineer because of its widespread application
in transgenic plant productid@3]. In natural settings, it is the agent of Crown Gall Disgaise

it is crucial to develop biocontrol ages capable of inhibiting this immensely important plant
pathogen. Here MRAs were applied for screening a libraBy 6fnonpathogenidAgrobacterium
isolates capable of preventinggrobacterium tumefaciengrowth. Combining an unknown
collection of rhizophere isolates withA.tumefaciensn MRA, a library of A.tumefaciens
antagonizing isolates as rapidly screenedAlthough the capability of MRAs in screening the
Agrobacteriumchallenge model was demonstrated, the platform is maneuverable to screening
interactions across any microbiome, including the gut, the respiratory tracts, soil, aguatic systems,
and other rhizosphere environments.

The pathogen challenge model demonstrated in this work will be critical in the field of therapeutic
drug development. Foexample, new antibiotics for pathogen suppression can be developed
quickly by combining important human pathogen with a collection of the gut microbiome and
challenging the gut microbiome isolates to find the most potent inhibitors. Currently, addressing
the challenges due to the emergence of antibiesitstant pathogens has become a daunting task
for scientists. And using the MRA in the pathogen challenge mode will certainly play a vital role
in screening new antibiotics to fight against antibioéisstant pathogens. Moreover, the MRA
operation in the pathogen challenge mode can be critical for developing probiotic formulations for

gut and soil microbiome. The highly diverse human gut microbiome alterations are associated with
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serious diseases like @a@r [263]. The screening of inhibitory interactions demonstrated here can
be extended towards manipulating the gut microbiome to improve the activity afaaogr

agents.
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Chapter 7 : Conclusion and Future Goals

7.1 Development of photodegradable hydrogel membrane for selective extraction of
microbes
In chapter 2a polyethylene glycol (PEG) basguhotoresponsive membrane wjthotocleavable
nitrobenzyl group was developed to connect the microscopic observations in microwelfyecove
arrayplatformwith the ability to confine, extract, isolate, identify cells from any well of interest
via off-chip validation andomic type characterizations. The retrieval capabilities developed in
this approach ere used in mogif the dissertatiofiChapters 4, 5, and § to enablefollow-up
characterizations on cell populations that sbdwhe desired function. The proaff-principle
studies demonstrated in Chapter 2 show that the photodegradable PEG hyaindggslttached
onto silicon microarrays seeded with the bacterignobacterium tumefaciens)lowing cell
growth andnhutrient exchangeand was degraded with a usksfined pattern of 365 nm light in a
spatiotemporally controlled manner using the Polygon400 pattern illumination instrument.
Al t hough as |l ow as 20 em diameter wells were
later applied to extract, isolate, and recover cells from any well of interest at 10 um resolution.
This approach was combined with advanced sequencing techniques to identify microbes with
antagonistic or synergistic impacts on bacteria of key functional tenpae in later applications

7.1.1 Future Goals
For future work, | would recommend enhancing the ability to selectively extract the cells out of
microwells by overlaying the microwell substrates with microfluidic channels dedicated to
transport cells outfathe opened wells. This can eliminate the chances of -ca#smination
while extracting multiple wellsimultaneously and ensure that cells are extracted at high purity

into low solution volumes, which is necessary for many stagleapplicationsAlso, the design
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of the microwells can be altered by fabricatinggadluidic channel between two wells and study
the singlecell interaction between twaonnectedadjacent wellsAnother layer of PEG diacrylate
hydrogel can be developed on top of the PE@rigel with nitrobenzyl group attached to the
microwells in such a setup. fi&r degradation of the photoresponsive hydrogel layer, the
interacting cells can be trapped inside the-pbatoresponsive PEG diacrylate hydrogel and
removed with the aid of miofluidics. In additionthefunctionalization of the microwell substrate
surface needs to be improved to enhahesuccessful attachment thfe hydrogel membrane on
MRA substrates.

After attaching the PEG diacrylate hydrogel membrane on top of MRAdlandng the trapped
cells to grow, it was observed that the membrane swelled due to the water absorbency properties
of thehydrogel nembrane. The swelling phenomenon caused the membrane to detach from the
MRA surface after just 48 hr of cell growtfihe biofilm structure in the microwell arrays
significantly contributes to the hydrogel membrane's degradatiomead to be thoroughly
studied to achieve favorableembrane attachment to the MRA substrateould recommend
modifying the membrane to be retsint todegradation anchaking a chemically and biologida
stable, photodegradable membrémienprove the swelling behaviors of the hydrodgiplication

of polysaccharider polymericadhesivesuch asiSA crosslinked disuccinimidyl tartarate (DST)
acrylate and Mydroxysuccinimide (NHS) bifunctional tetronic hydrogebs dextranbased
hydrogel comprised of amindextran and oxidized dextramr acrylate enefunctionalized
poloxamine adhesivesan be inestigated to increasalhesion strengthnd improve the issue of
hydrogelswelling External stimuli such aemperature, pH, light, magnetic/electric field can also

be investigated to increase the attachment of the membrane for a longer period.tReralljes
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a major scope to investigate the chemical properties of cell culture medium on the mechanical
interactions between bacterial cells and hydrogels
7.2 Application of microwell arrays for the screening of positive and negative interactions in
modd and non-model systems
The majority of this thesi<Ghapters 3, 4, 5, and bimplemented the higthroughput screening
abilities of the microwell platform to identifthe desiredgrowth outcome ofa fluorescently
labeledfocal species with an isolate collection of interestChapter 3, the proedf-concept of
the MRAs wasusedto trap a model interaction pak. tumefacienandP. aeruginosaand detect
rare phenotypes / rare growth outcomes in outlier wells. After monitoring thgoemtcand growth
kinetics of the two species during-calture, the majority of wells showed-calture outcomes
consistent with previous literature findingB. (aeruginosafavored growth). In contrast, rare
phenotypes / rare growth outcomés {umefaciengavored growth) were detected aminority
of the outlier wells indicating rare growth outaes.

7.2.1 Future Goals
The model interaction betweén tumefacienandP. aeruginosaneeds further investigation due
to the quorum sensingegulated growth rate and motility advantage® oheruginosal would
propose investigating the type VI secretion systend.ofumefacien®n P. aeruginosan the
presence of phenylpropanetigbe phytochemicals such as Acetosyringone in MRAs and extend
this knowledge to prevent wounding and other physiologic changeplants caused bx.
tumefaciensSuch quorunmediated interaction studies can be extended towards the development

of biocontrol agents in other plant systems.
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7.3 Application of microwell arrays for the screening of positive and negative interactiona
non-model systems

In Chapter 4, the microwell platform capabilities to detect rare growth outcomes developed in
Chapter 3 were demonstratiedscreen a nemodel test species against unknown isolagsur-
membered microbe community extracted fromfib cropP. deltoidesroots was screenedo
enhance and antagonize the growth of plant grgasimoting rhizobacteriRantoeasp. YR343.

The motile bacteria cells from the bulk -coltures of YR343GFP andP. deltoidesroot
microbiome were trapped in microwell arraysing the crosslinked, phettegradablePEG
hydrogel membrane developed in Chapter 2. Thereforenique combination of itates and
YR343GFP was randomly combined to study desired interactions within each micrbatel,

a MATLAB-based computational image analysis tool was used to detetR8%3-GFP growth
promoter/antagonisbutliers from the fluorescent images. Theer ttells were extracted out of
these outlier wellsand fourmember growtipromoting consortia andfaur-member antagonist
consortia were identified by 16S rRNA sequencing. The interactions were validated by
recombining the cefiree culture fluids (CFCFfrom these consortia wittYR343-GFP and
comparing them with YR34&FP monocultureThus, thePopulusroot microbe community od

few hundred thousand was scaled down to a consodf 4 isolates inside a single MRA chip.
Such capability can aid efforts émgineer plant growtpromoting rhizobacteridJsingYR343as

a biocontrol agentgenomelevel modification ofthe P.deltoidesplant can be performed to
improve lignocellulosic content, stress resistance, cell wall traits, and root develogméme.
future, this library of isolates can be associated with the rhizosphere microbiome of plants with

high biofuel production potential.
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The MRA workflow developed ilChapters 4 wsapplied inChapter 5 to screetine Zea mays
rhizobiome for isolates capable of enhancing the survival and colonizatibe piant growth
promoting bacteria (PGPBA. brasilense and in Chapter 6, to screen ngrathogenic
Agrobacteriumisolates as biocontrol agents agaiAsttumefaciensin Chapter 5,Zea mays
rhizosphere isolates were combined wah brasilensestrain Sp?GFP in 10 um diameter
microwells and seven bacteria isolate respible for Sp7GFP growth enhancement were
extracted. In addition to the 9&ell plate validation assays developedimapter 4, the SpGFP
mutualist isolates were d@ooculated with healthy maize seeds in a plant growth chamber to
validate the enhancemieof maize growth. Thus, tha vitro observations from the microwell
studies were extended towaildsvivo systemsvhereA. brasilensecombinedwith the isolates
elicited a positive phenotypic outcome (i.e., plant growth enhanceremionstrating thability

to connecin vitro MRA observations with aim vivoenvironment to generate desirable phenotypic
outcomes on a host is a major step forward for this technology, as it opens the door to many
practical applications.

In Chapter 6, MRA capabilities eve extended towards the screening of biocontrol agents for
pathogen inhibition. Pathogeni. tumefaciensp. 15955GFP was screened against 576 -non
pathogenicAgrobacteriumisolates in dpathogen hallengemode"to identify bacteriocin gene
clusters regonsible for the inhibition of Agro 15956FP. TheMRA challengemode was
achieved by sequentially reduciAgrobacteriumsolates in the caulture with Agro 159585FP

in MRAs to providethe most favorable growth condition for Agro 15955P the most pote
inhibitors of Agro 159585FP can be discovered from tiselate collectionUsingthe MRA in
pathogerchallengemode nineof themost potent inhibitors of Agra5955GFP were extracted,

validated for antagonisjrand are currently undergoing bioinformatics analysis on the whole
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genome sequence data to identify bacteriocin gene clusters responsible for AgreGEPF955
inhibition. Discovery of new environmental istés that efficiently inhibiA.tumefaciend5955
can help improve plant productivity by providing new biocontrol agents to protect against
tumefaciensp. 15955, the causative agent of Crown Gall disease.

7.3.1 Future Goals
In Chapter 5, the microwetlapabilities were successfully extended towaalglatingphenotypic
growth outcomes in a growth chamber environment. Since the workflow of the MRAs can be
extended and modified for any microbiome of interest, thegemany potentiapplications of
MRAs for developingbio inoculantsbiofertilizers s and biocontrol agentsr disease prevention,
plant growth promotion, improvement of plant health under drought stress, saihd
bioremediation. Inthe future, 1 would propose inoculating the Agro 1598B6P antagonistic
isolates in plant roots containing Crown Gall tumors and conduwdgt/o assay for determining
their inhibitory effect againsA. tumefaciensMRAs can also be extended towaElsISA-type
immunaassays using antibodiegainstindole-3-aceticacid (IAA) to validate the claim that the
PantoeaYR 343 growthenhancing isolates extracted from tRetrichocaprarhizosphere are
capable ofmproving the secretion of IAA fronPantoeaY R 343 | would propose functionalizing
the MRAs withan antilAA -C-monoclonal antibodgnd inoculating the surface with the efeéte
culture fluid from the ceculture of PantoeaYR 343 with a mutualist isolate, and quantify the
release of IAA with the aid of timkpse fluorescent microscopy. This workflow can be
implemented to detect other metabolites influencing phararobe interactions and broadly extend
to screening consortia for bioproduction of secondary metabolites.
In recentyears, global warming arttie decreasef water sources near the cultivable landgeha

reducedwater retention in agricultural lands. Therefore, a sustainable approach for increasing
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water retention ithe soil is necessangoil-dwelling bacterissuch aBacillus subtilisareknown

for their ability to alter soil wettingproperties, enhancingant drought toleranc&pecifically,B.
subtilis produces a cyclic lipopeptidsurfactin that canenhance water retention in soil by
lowering the surface tension of the surrounding fluid. In future studies, | would recommend
screaing fluorescently labeleBacillus subtilisstrain against soil microbiome in the MRAs to
identify bacterial species capable of enhancing the survival and colonizaBorswiftilisin soil

for increased soil wetting andater retention. ThB. subtilismediated biophysical changes in the
agricultural soil can be extended towards plant drought stress and vailidatexivith parameters
such as soil water retentitevels hydraulic conductivity, and water evaporation.

To prevent greenhouse gas (GHG)ssion, more emphasis being given to biofuels' production
SwitchgrassFanicum virgatuni..) is considered a promising source for biofuel for its potential
for carbon sequestration, inherently higthess resistance, low watautrient consumptiarand
biomass production. Similar Ropulusplants, most of the interactions betw&amicum virgatum
rhizosphere isolates and biofertilizers are unknowraritéo suggest screeniiRanicum virgatum
rhizosphere isolates for beneficial interactions with btdieer V. paradoxusp. JM63 to identify
the isolates capable of enhancing the colonizatidh paradoxusand enhancBanicum virgatum
growth. Also, | recommend combinir@anicum virgatunroot exudates with/. paradoxusn
MRASs to couple this workflow ith anadvanced metabolomics approach to determine interaction
pathways folV. paradoxusn Panicum virgatunmoots.

And the final exciting potential application of the MRA is screeriagterial componesbf the

gut microbiome. Recentlyhe role of microoganisms in carcinogenesias attracted much
attention. The antrtumor immune responsefrom bacteria such ad.actobacillus and

Bifidobacteriumare very well studied. Therefore, screening the gut microbiome to identify the
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microbes responsible for tumor inhibition is essential for cancer immunotherapy. Thus, | propose
combining Streptomycetedacteria from the gut microbiome with a fluorescentipdled
melanoma cell in MRAs and identifying and extracting the isolates capable of inhibiting the
growth of melanoma cells. These screens have the potential to uncovearerai bacteria

candidates useful for cancer immunotherapy rapidly.
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Appendix A: Supporting information from Chapter 2
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Figure S1 Setup for the fabrication ofA. tumefaciengncapsulated membranes.
suspension of bacteria in 2X LB are mixed with solutions of the photodegradabl
diacrylate and the four arm PEG thiol (pH 8, acrylate/thiol concentration 22 or 35
The mixtureis then pipetted onto a glass slide (yellow spheres) having spacers c
of each other (beige). Immediately, a second glass slide is placed on top
crosslinking reaction is carried out at room temperature for 25 minutes. After ce
separatig the glass slides, the bactesiacapsulated membranes are washed and
on agar or in liquid culture medium at°23

Figure S2 A. tumefacienscan grow inside the membraneA)( Photograph of
membrane with encapsulatedl tumefacienson an agar plate immediately after wast
(B) The same membrane after 24 towt 280C showing that the initial clear memb
has an opaque appearance due to growing bact&j)aMicroscope image of the sa
membrane showing the presenc@ofumefacienslusters 26 40 um in size.
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Figure S3 Cell viability test usingtriphenyltetrazolium chloride (TTC) shows that
bacteria inside the membrane are alivA) (A. tumefacienencapsulated membrane a
crosslinking and swelling in liquid LB mediumB) The same membrane but 24 h
later. C) The same membrane aftenother 24 hours cultured in the presence of ~
TTC is reduced by metabolically active bacteria resulting in formation of svedeluble

pink crystals.

suspension hydrogel

-
(8]
1

—
1

o
(9]
1

Absorbance at 510 nm [a.u.]

o

Figure S4 TTC assay results quantifying the effect of hydrogel encapsulatiorA.
tumefaciensviability. A. tumefaciensvas grow to midlog phase and resuspended in
phosphate buffered LB. 12.5 pL of bacteria suspension was mixed with 5.6

crosslinker and 6.9 pL of the foarm thiol and pipetted onto the bottom of a culture
(n=3). After crosslinking for 25 min at roornemperature, 1.5 mL LB was added. At
same time 12.5 pL of the bacteria suspension in 2X phosphate buffer was adde:
mL LB directly (n=3). The tubes were placed in the shaker and incubated for 24 h :
at 200 rpm. 150 pL of 5 mg/mL TTC in LBhedium was then added to the culture ant
tubes were shaken for 2 h at 280C. The samples were spun down at 3000 g for
and the supernatant careful decanted. The pellet was then suspended in 400 ul
and the formed crystals dissolved by sonmggtivortexing and heating. The samples \
spun down at 3000 g for 10 min and 100 pL of the supernatant transferred to a pol
96 well plate to measure the absorbance at 510 nm.
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Figure S5. (A) Migration distance of bacteria throughetmembrane for the 4 wells
Figure 5B of the manuscript(B) Migration distance of bacteria (red) through
membrane (yellow) in the x and y directions was quantified by measuring the me
distance migrated from the edge of the wells in the and y-z projections. Migratio
distance in z was measured as the distance migrated in-akes Zrom the top of tf
silicon microarray in the -z projection, as shown in the schematic. This data clearly :
that bacteria migration is favored along thaxis
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Figure S6 Fluorescence intensity after irradiation and washing the microwells in
9, expressed as the percentage of the same microwells before irradiation. Inte
Anwel | s beforeo was <corrected for absor
spots on the microarray.
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Figure S7. Images showing a total of 72 microwells that have been opened with pe
light. (A) Microwells before irradiation. ) The same microwells immediately a
irradiation and C) the same microells after washing with Tween20/LBA. tumefacier
was seeded at OD = 0.2 and cultured for 1 day at 280C. 40 um diameter {B)rsn(
50 pum diameter (run 4) microwells were irradiated with 60 um circle patterns for 5 n

at 0.7 mW/mna.

Figure S8 Setup used for the irradiation experiments. The Polygon is attachec
upright microscope via an adapter. Light (365 nm) is delivered from the LED light
by a liquid light guide. The control modules to operate Rioéygon are controlled |

Polyscan2 software.
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Figure S9 Seeding bacteria into the microwell®\) (Prior to cell seeding the hydrophc
parylenecoated microwell is layered with LB medium anBd) (put under reduced press
to remove air from the microwells.C} Filling the microwells with LB increases |
wettability of the parylene surfaceD) After removing the LB medium the bacte
suspension is added to seed the microwells.

Figure S1Q Sample holder used for culturing and photodegradation experimel
rectangular area made from PDMS is glued oatglass slide. By adjusting the heigh
the border, the culture volume can be controlled@ (L).
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Appendix B: Supporting information from Chapter 3 and 4

P. aeruginosaand A. tumefaciensculture

A model system comprised éfgrobacterium tumefacier858 expressing GFP (C88FP) and
Pseudomonas aerugino®aO1 expressing mCherry (PA@ACherry) was used to characterize
seeding behavior and interaction in microwell recovery arrays (MRAS). GlycexNsswere
prepared for both strains and storeeB&°C. C58GFP and PAOInCherry were cultured on L-B

agar for 24 hrs at 28 and 37°C respectively. For liquid culture ofGF8 and PAOMCherry, a

single colony was picked using a sterile inoculation loapgculated in 2 mL LB media (10g
BactoTryptone, 5g Yeast, 10g NaCl and 15g agar per 1000mL) in sterile test tubes and cultured in
a shaker (28 and 37AC respectively, 215 r pm)
(Sigma) were added to each ml of tiguid culture for both C5&FP and PAOMCherry
cultures. The tubes were then centrifuged (Eppendorf Centrifuge 5702 Series Ea) and the media
was changed every 24 hrs for up to 1 week to keep cells viable.

Growth studies of Pantoeasp. YR343 monoculture

For solid phase cultures, Pantoea sp. YR343 expressing GFP (GER)3wvas cultured in R2A

agar media (pH: 7.2 = 0.2, Thermo Fisher) at 28°C for 24 hr. For liquid culture studies, single
colonies were picked using sterile inoculation loops and mixed ib R24 broth media (pH: 7.2

N 0.2, Teknova) supplemented with Kanamycin
24 hrs (28°C, 215 rpm). To measure growth parameters of YBES liquid cultures were
diluted to OBoo= 0.1 and 100puL was added &®6 well plate (28°C, 600 rpm) and absorbance

(ODeoo) readings were taken every 10 min. For YR343 monoculture, a lag phase of 2.5 hr and

growth rate of 0.673 fwere measured, the culture reached stationary phase at 8 hr.
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16S rRNA community analysis & Populus trichocarparhizosphere and input samples

The purified gDNAs of théopulus rhizosphersample and the R2A media culture used to seed

the microwell array were extracted using E.Z.N.A soil DNA kit (Omegat&ko Norcross, GA),

diluted to 20 ng/ul in 100 pl aliquots and sent to Integrated Genomics Facility (Department of

Plant Pathology, Kamas State University, Manhattan, KS) for the 16S lllumina sequencing of the
hypervariable V3 and V4 region using Nextera XT index Kit v2 (lllumina, Inc., San Diego, CA).

16S rRNA community analysis was performed with Qiir2620.8(Bolyen et al., 2019)The

mul tiplexed raw sequence data with the barcoc
guality filtered a(Calahaneshnab, 20d@lugin and alignedgyvgh nthift d a 2
(Katoh et al., 2002)The g2diversity plugin was used todeer mi ne al pha di ver
(observed OTU9g217] (Supplementary Figure 11A and Shannono[218]di ver s
(Supplementary Figure 11B after rarefaction of the samples to 900 sequences per sample.
Taxonomy was assigned to amplicon sequence variamg tis¢ silval3899-515-806 [219]

cl assi f ywesBayjes taxonomy rclassifier against the Silva 138 99% OTUs reference
sequencef220]. This analysis founche Populus rhizosphere sample and the microarray input
cultured in R2A media to contain 120 and 85 ¢
indices of 4.165 and 3.57, respectively. Theaa plugin was used to explore and visualize the
taxonomic corposition of the classified sequences by creating taxa bar pR§]
(Supplementary Figure 11Q. Raw 16S Illumina sequences were uploaded to NCBI sequence

read archive (Accession Number: PRINA678376).
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Fabrication of LB-Agar coated PDMS coverslips

To prepare LBagar coated PDMS coverslips, a modified procedure from Hansen et al. was
followed[85, 139] 21 g PDMS monomer and 3 g of curiagent were mixed for 3 min, degassed

for 30 min, then placed in a 6 in. diameter polystyrene petri dish, degassed again for 30 min and
baked at 80°C for 2 hr. PDMS coverslips were ~2000 um thick. Sterile 25x75mm PDMS
coverslips were then cut from the digthaced in a second polystyrene dish and coated with LB
agar by evenly pouring 3 mL of boiling LB agar over the coverslips and the dish. The dish was
cooled at 4°C for 30 min to allow the media to solidify over the coverslips and to ensure minimum
dehydraion. The thickness of the agar layer was ~100 um. After seeding the microwell substrate
with bacteria, microwells were immediately sealed with the coverslips and placed in the
humidified, live cell incubator chamber to conduct growth experimé&pglemenary Figure

8).

Photodegradable membrane attachment

The procedure for attaching the photodegradable hydrogel membranes to microwell arrays is
described in van der Vlies et &/an Der Vlies et al., 2019yas used her@5x25 mm clean glass
slides (Fisher Scientific) were first functionalized with a-meactive silane layer by incubating in

20 mL of 0.5% v/v trichloro(1H,1H,2H,24gerfluorooctyl) silane in toluene for 180 n{vian Der

Vlies et al., 2019)Phosphate buff saline (PBS) with LB solution was then prepared by adding
NaHPQ; to LB liquid media to reach 100mM final phosphate concentration and adjusting to pH

8 by adding 5M NaOH (aq.). The membrane precursor solution was then obtained by mixing 12.5
pLof PBSLB s ol uti on with 5.6 €L of photodegradabl
6. 9 ¢ L -aonf PE@ thibl solution monoméFibbitt et al., 2013jMW 10000, NOF America

Corporation, DELOOSH). The concentrations of both PEG diacrylate monomer andfimuPEG
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thiol solution monomer were 22mM in the precursor solution. 15uL of the liquigtyysor
solution was then quickly pipetted on top of the perfluoroalkylated glass,slideéghe solution

was placed over a seedexcrowell substrate. Metal spasewere used to provide a constant 38

pum gap between the glass slide and the microwell for the precursor solution. The substrate was
then incubated for 25 min at room temperature to allow for membrane formation though monomer
crosslinking and gelatiofyyan Der Vlies et al., 2019)The glass slide was then carefully separated
from the membranéunctionalized microwell array and the microwell array was placed on top of

a PDMS coverslip and added to the 3D printed scaffold for culture and imaging.

Fabrication of 3D printed scaffolds

A custom3D printed scaffold was designed for imaging microwells with time lapse fluorescence
microscopy (TLFM). The 3D printed nylon scaffold was designed using Blender software
(Coakley et al.,, 2014)A seeded and membrafimnctionalized microwell was placed in the
scaffold, the scaffold was then placed over a standard glass microscope slide. The scaffold holds
the sealed microwell substrate approximately 100 um above the slide surface, as shown in
Supplementary Figure 9 This allows for bacteria within the wells to receive nutrients and allows
the microwell substrate to remain fixed within the focal plane of the 20x objective, eliminating
drift in the x,y, and directions during the culture period.

Membrane degradationand well extraction

Extraction of cell aggregates from microwells followed the protocol recently described in van der
Vlies et al(Van Der Vlies et al., 2019An Olympus BX51 upright microscope equipped with an
Infinity 3-1 microscopy camera (Lumenei@)d Infinity Analyze software was used to identify

the location of target wells according to theamp well address. Greyscale images of targeted

microwells were taken during extraction with a 20x/0.5NA objective. The Polygon400- photo
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patterning instrun@ (Mightex) containing a 365 nm higiower LED source (50 W) was used to
project UV light patterns onto the target well locations. The instrument was attached to the BX51
microscope though an adapter containing dichoic filter cube. A BioLED light soorteok

module equipped with a BioLED analog and digital /0 control module was used to control the
light source and a liquid light guide was used to deliver light to the Polygon400. Prior to extraction,
the Polygon400 was calibrated using PolyScan2 saftaad a calibration mirror. For extraction,

a cultured microwell array substrate with the attached membrane was first submerged in 1ImL R2A
broth media to prevent membrane dehydration, then placed under the microscope. PolyScan 2
software was then used tefthe the irradiation pattern, light intensity and irradiation time. Here,

a 1651295em rectangul ar working area was defi-r
a targeted microwell was located, it was exposed a 20 pum diameter circular patraiv/aar,

10 min) to erode the polymer matrix over the well. The opened microwell array was then washed
with R2A broth media + 0.05% Tween20 (5x2mL) to extract cells from the opened microwell.
The 10 mL wash solution was centrifuged at 2000g for 10 mintendupernatant was carefully
removed leaving approximately 2 mL of solution inside the culture tube.

96-well plate validation

Separate CFCF from all 5 isolates were mixed together at equal volumes then added to Pantoea
cell culture in R2A media at a volwgtric ratio of 1:1 to reach an @ value of 0.1. 100uL of

each treatment with 6 independent replicates were cultured overnight in 96 well plates to determine
the influence of outlier isolates on the 6&bf Pantoea sp. YR343 growth. Wilcoxon Tasample
tests(Nahm, 2016jvere conducted to test whether there is a significant difference between median

values of isolatd?antoea combinations and Pantoea monoculture.
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Supplementary Figure 1.Qiime2 outputs for 16S community analysis of P. trichocarpa isolates

in rhizosphere (NCBI Accession nBAMN16795465)and R2A media (NCBI Accession no.
SAMN16795466) Taxa bar chart was produced to visualize relative abundance of bacteria taxas
in both comlitions. Sequences in 99% OTUs were classified and grouped at the genus level. Taxa
representing <1% of the total sequences were grouped as Others.
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Supplementary Figure 2.MRA layout. (A) The 10um diameter wells contained 7x7-autays, eac
subarray contained 15x15 arrays of microwelB) All wells within the 15x15 sularray wer:

numbered according to their specific positinrthe array. Microwells were 1j@m in diameter with
40 um pitch.
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Parvlene wafers with AZ1512
ry positive photoresist
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Reactive lon Etching

Oxygen Plasma B Develop Resist Bl Cross-linked Resist
Etching With MIF 300

Il Uncross-linked Resist
Supplementary Figure 3. Steps for microwell recovery array fabrication. Parylene N was deg
on top of silicon wafers. Then the parylene coated wafers were spin coated with positive pl
AZ1512 and exposed with UV light though a photomask. The uncrosslinked photoresist \
washed by developing in MIF 300. Then Bosch etching was pextbtonget MRAS.
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Supplementary Figure 5.(A) Cross section of the 3D printed scaffold on a glass microscope
slide. (B) 3D printed Nylon scaffolds. The scaffold had 1.5x1.5cm groovhsldoup to thee
microwell arrays. (C) The scaffold was glued to a 75x25mm glass slide then the scaffold lid was
attached on top to firmly hold the microwell in place. Liquid nutrient media was then added to fill
the space between microwell array and thasg slide, keeping the microwell array fully
submerged during culture. (D) The scaffold setup was placed inside a humidified live cell imaging
chamber for TLFM.
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Supplementary Figure 6.Maximum likelihood phylogenetic tree based on partial sequence of

the 16S rRNA (1007 bp) from isolates obtained from microwells in which YR343 growth was
promoted or antagonized as well as a few reference strains. The tree was constructed using the
generatime reversible substitution mod@ravaré, 1986jvith a gamma distribution (GTR + G)

in PhyML 3.3.20190909Guindon et al., 2010We used Smart Model Selectiflcefort et al.,

2017)to select this substitution model. Bootstrap values (expressed percentage of 1000
replications) higher than 70% are shown at nodes. A. tumefaciens C58 was included as an outgroup
organism. The partial 16S sequences of the isolates are accessible in GenBank with unique
accession numbers (P1EW251950, P3C: MW25195 P4B: MW251952, P1D: MW251953,

P4A: MW251954, P2E: MW251955, P1B: MW251956, P3A: MW251957, P1C. MW251958,
P5E: MW251959, P4C: MW251960, P4D: MW251961, P4E: MW251962, P3B: MW251963,
P5A: MW251964, P1A: MW251965, P3D: MW251966, P5C: MW251967, A1A: MW251968
P2D: MW251969, A1E: MW251970, P5B: MW251971, P5D: MW251972, P2A: MW251973,
A4B: MW251974, P3E: MW251975, A2B: MW251976, P2C:. MW251977, P2B: MW251978,
A4E: MW251979, A1B: MW251980, A2C: MW251981, A3D: MW251982, A4A: MW251983,
A3E: MW251984, A3C: MW251985A4D: MW251986, A1C: MW251987, A2A: MW251988).
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Supplementary Figure 7.C58 GFP- PAO1-mCherry coeculture after seeding ata 1:1 C58:PAO1

cellular ratio. (A) Greemed fluorescence images of-calture at various time points. (B) Scatter

plot of endpoint green (C585FP) and red (PAOGICherry) fluorescent signals (t= 36 hr), C58

outlier wells are identified in green. (C) Individual well growth profile of a nominal well (well
#22009 in B) and (D) individual well growth profile of an outlier well (well #3028 in B).
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