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Abstract

Understanding complex regulatory networks in plant systems requires elucidating the roles of various gene regulators
under a spatial landscape. MicroRNA are key regulators that impart high information value through their tissue
specificity and stability when using expression patterns for evaluating network outcomes. However, current
techniques that utilize spatial multiplexing and quantitation of microRNA are limited to primarily mammalian systems.
Here, we present a method to spatially resolve and quantify multiple endogenous microRNA in situ using ethanol
fixed, paraffin embedded model plant species. This method utilizes target-specific microRNA capture along with
universal ligating and labelling, all within functionalized hydrogel posts containing DNA probes in nanoliter well arrays.
We demonstrate the platform’s multiplexing capabilities through analyzing three endogenous microRNA in
Arabidopsis thaliana rosettes which provide useful answers to fundamental plant growth and development from the
unique expression patterns. The spatial tissue technique is also validated using non-spatial small RNA assays to
demonstrate the versatility of the well array platform. Our new platform expands the toolkit of spatial omics

technologies for plants.

Introduction

Studying the response and interactions of cell popula-
tions directly in the local cellular context is crucial to
understand the tissue roles in model plant species"*. The
inter-cellular communication that directs the growth and
development of plant tissue is driven by various gene
regulatory networks which exist across the plant>®, These
complex gene regulatory networks are spatially regulated
due to the tight cellular communication across the plant
which creates distinctions in tissue morphology, making
spatially resolving and multiplexing biomolecules present
in regulatory networks a necessity"*°.

MicroRNA (miRNA) are short noncoding RNAs that
function as post-transcriptional gene regulators. miRNA
in plants have been shown to be dysregulated under
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various stressors and diseases, making them useful prog-
nostic biomarkers for plant growth and response®’.
miRNAs are also stable in plant tissue in part because of
the 2’-O-methyl moiety that is substituted to the 3’ end
in vivo, protecting the miRNA from degradation®®. The
accumulation of stable miRNA in different cell types
across the plant results in distinct spatial gene expression
patterns due to the coordination between cells and high
miRNA mobility to form unique expression gradients
within tissues>'®. Moreover, when examining multiple
plant miRNA using in situ hybridization, the accumula-
tion patterns are reflected in high coordination both
spatially and temporally'>'".

However, examining spatial miRNA patterns is limited
in plants due to the inherent challenges when extracting
miRNA from plant cells. These challenges within the cell
include miRNA 2’-O-methylation which is ubiquitous in
plant miRNA including Arabidopsis thaliana and has
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been shown to reduce ligase efficacy®'*"'*, Furthermore,
secondary metabolites which are abundantly found in
plants can competitively bind to nucleic acids'**®. Plant
cells also provide a barrier with carbohydrate-rich cell
walls potentially hindering cell permeabilization and
reducing the available miRNA transcripts'>'”. Since plant
characteristics often vary from tissue to tissue and require
different assay changes to lyse cells and capture miRNA,
tissue-specific features should be considered for opti-
mizing extraction methodologies.

Due to the inherent challenges in spatially resolving
biomolecules direct from plant tissue, limited approaches
have been developed for the capture of miRNA. Techni-
ques that capture single cell resolution while losing spatial
information rely on enzymatically removing the plant cell
wall for protoplast isolation'®. Protoplasts are used as an
input for fluorescence activated cell sorting (FACS) fol-
lowed by conventional high throughput platforms (RT-
PCR and microarrays)'®~>'. Despite the single cell infor-
mation on the miRNA quantity and high degree of mul-
tiplexing, protoplast isolation techniques disrupt cells
outside of their cellular context with ~90% retention®*,
Furthermore, miRNA-based microarrays have limited
detection specificity because of base pair mismatches that
arise from detecting similar miRNA sequences®’, For RT-
PCR, amplification biases can introduce errors due to the
rigid design of templated miRNA capture probes and
increased contaminate amplification during handling**.

There are also additional technical challenges involving
the retention of spatial information in plant tissues. in situ
hybridization methods such as fluorescence in situ
hybridization and whole mount in situ hybridization using
locked nucleic acid probes can be used to semi-
quantitatively analyze the miRNA amounts with high
specificity”'"*°. Limitations using in situ hybridization
include restrictions on the number of unique transcripts
(typically ~2) that can be multiplexed along with long
experimental protocols**. Contemporary techniques to
spatially resolve nucleic acids in plants explore high-
resolution spatial transcriptomics through techniques
such as barcoded microarrays (Visium, 10x Genomics)*®
and sequencing (stereo-seq)™”°. These probe-based tech-
niques contain a unique spatial barcode, unique molecular
identifier (UMI), and poly(dT) region to generically cap-
ture target transcript527’28. However, these methods
involve hybridization of mRNA using the poly(dT) region
after tissue permeabilization, making the techniques
inherently incompatible to capture miRNA. Recently
in situ polyadenylation of mammalian RNA has expanded
the Visium platform to detect miRNA in mammalian
tissues, however its application has been limited and has
not been translated to plant tissue samples™,

This paper presents an optimized method for spatially
resolved and quantitative, multiplexed detection of
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miRNA in plant tissue sections. This method expands on
a protocol developed by our group for spatially detecting
miRNA from formalin fixed and paraffin embedded
(FFPE) mammalian tissue®®. The technique uses
sequence-specific DNA probes with patterned hydrogels
for localized target capture on a nanoliter well array. We
assess the intrinsic features of both plant cells and their
miRNA to apply the optimized method on Arabidopsis
thaliana leaf tissue, a model plant system. We then
examine spatially resolved miRNA expression patterns by
comparing the trends of endogenous miRNA patterns and
then the relative amounts using bulk data.

Results and discussion
Spatial miRNA assay workflow using plant tissue

Our group has developed a platform using polyethylene
glycol (PEG) hydrogel posts for multiplexed quantification
of miRNA directly from unprocessed cells and FFPE
mammalian tissue>**!. Prior work on using DNA probe
functionalized PEG hydrogels has shown advantages for
miRNA detection due to high probe-target binding spe-
cificity, non-fouling PEG substrate, and rapid solution
kinetics during RNA hybridization®*>*3,

Hydrogel posts are sequentially fabricated using contact
lithography within a nanoliter well array, allowing for
spatial miRNA detection. PEG posts are copolyimerized
with acrydite-modified DNA probes which contain a
complimentary miRNA sequence for target specific cap-
ture (Fig. 1la). The relative spatial position of the post in
the well translates to which DNA probe it is functiona-
lized with. Following hydrogel post fabrication, a plant
tissue section attached to a separate glass slide is mounted
on the array with lysis and binding reagents within each
well (Fig. 1a). We compress the fixed plant tissue and
array together using magnets, such that the individual
wells have isolated reactions (Fig. 1b). Reagents present
during hybridization digest plant tissue, lyse cells, and
bind to secondary metabolites for miRNA liberation. The
freed miRNA are able to hybridize to the complimentary
DNA probes within the hydrogel matrix. After hybridi-
zation, universal biotinylated linkers were ligated to the
hybridized miRNA under a templated ligation reaction.
Following ligation, excess linker was removed and
streptavidin-R-phycoerythrin (SA-PE) bind to the bioti-
nylated linkers to fluorescently tag the target-probe
complex. SA-PE labelling results in a fluorescent foot-
print of the well array (Fig. 1c). The location of fluorescent
posts are compared to the brightfield microscopy image
showing the location where plant tissue is expected over
the array (Fig. 1c).

Spatial information is retained by pixelating the average
fluorescence from each post in every well into a 16-bit
heatmap of pixel values (Fig. 1D). A digital mask of the
tissue section is applied to the heatmap and by specifying
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Fig. 1 Well array and plant tissue assay workflow. Schematic of (a) plant tissue section over the nanoliter well array, followed by (b) miRNA tissue
assay which involves (i) magnetic sealing of the tissue section and the well array along with hybridization buffer (sodium dodecyl sulfate, proteinase
K, and PVP40) introduced to the wells (i) lysis reagents in the hybridization buffer digest the tissue and lyse cells where free miRNA hybridize to the
DNA probe within the hydrogel posts (iii) universal linkers facilitated by DNA ligase are ligated to the target miRNA and hybridize to the DNA probe.
Excess linker is washed away and (iv) Streptavidin-R-Phycoerythrin (SA-PE) binds to the biotin, attaching a fluorophore at the binding site. After excess
SA-PE is washed away (c) a fluorescent scanner images the captured miRNA to record the mean fluorescence in a post. d Representation of the tissue
within wells is used to develop a digital mask to overlay on the fluorescent image
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a threshold (fraction of well occupied by tissue > 0.5) we
can account for wells where partly filled tissue exist. Due
to the flexibility of polymerizing posts with different
capture probes we have developed a robust miRNA
identification and quantification strategy allowing for
spatial multiplexing (3+ endogenous miRNA). Adapting
from our previous work, our assay addresses challenges
when extracting miRNA in fixed plant tissue.

Plant miRNA methylation

To optimize the performance of the plant tissue assay,
we first sought to understand the differences between
endogenous plant and animal miRNA. While plant and
animal miRNA have the same biogenesis pathway, the
methylation which occurs on the ribose of the last
nucleotide (2’-OCHj3) is universally present in plant
miRNA in many species including Arabidopsis thaliana’.

The function of miRNA methylation increases the stabi-
lity by protecting the miRNA from subsequent degrada-
tion. A consequence of methylation is a decrease in ligase
efficiency, which would decrease the number of active
binding sites.

Prior evaluation of small-interfering RNAs (siRNAs) has
shown faster hybridization rates with methylated
nucleotides®*. Any decrease in reported signal is expected
to contribute by having lower enzyme activity during
ligation. Due to the robust removal of excess linker and
fluorophore (1 mL 1xTET) in our assay, only conjugated
RNA-DNA would be fluorescently tagged (Fig. 2a). Figure
2b shows the general ligation mechanism using DNA
ligase. Methylation in the probe-target complex does not
actively participate in the DNA ligase-adenylate con-
jugation to miRNA, but the steric hindrances can limit
attachment of the linker to the active site.
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Fig. 2 Ligase activity on methyl-substituted miRNA. Schematic of (a) ligation of the biotinylated linker when (i) miRNA is hybridized to the DNA
probe and (i) no target miRNA present. While miRNA is captured, the biotinylated linker ligates to the 3’ end of the target miRNA and washing
retains the linker for labelling. When no miRNA is captured, linker attached to the DNA probe is washed away. b Mechanism for ligation using DNA
ligase by (1) enzyme adenylation (2) transfer of AMP to the 5’ phosphate in the linker (3) DNA-adenylate covalently ligates to the DNA-miRNA probe.
¢ Calibration curves with standard (grey) and 3’ methyl substituted (orange) synthetic miR-159a target and corresponding LOD. Solid vertical lines
represent an LOD as three times standard deviation of control (0 amol) amount. Error bars represent one standard deviation

miR-159a (amol)

To understand methylation effects using the well
array, we compared the limit of detection (LOD)
between synthetic miRNA targets with a substituted 2’-
O-methyl (2’-OCH3) modification to the last nucleotide.
Since all plant miRNA are methylated at the 3’ end, we
have the flexibility in selecting various miRNAs to
investigate the effects of methylation. Therefore, we
chose miR-159a as the target because the methylation
has been well characterized across multiple species
including Arabidopsis thaliana®. We also selected an
internal control (0.2uM biotinylated DNA probe for
assay validity) and a negative control (cel-miR-54) in our
panel (Table S1). cel-miR-54 was selected as the negative
control since it is derived from Caenorhabditis elegans
and is not naturally present in Arabidopsis thaliana. To
determine a net fluorescence, the miR-159a signal was
negative control subtracted and the reported fluores-
cence was then averaged using each endogenous post in
the array. We discovered that our LOD for the methy-
lated (plant) miRNA was 0.0170 attomole, which is
nearly the same as the 0.0171 attomole LOD for the
non-methylated (animal-mimic) miRNA (Fig. 2c).

Hence, plant miRNA methylation does not adversely
affect our assay LOD. Furthermore, our measured LOD
for the 2’-OCH3 modified miRNA is the same order of
magnitude found in our previous work (0.0081-0.053
amol) when studying several other miRNAs in animal
systemsSO.

To understand why methylation of plant DNA does not
change the LOD of our assay we consider related studies.
First, a DNA-templated ligation scheme has been shown
to be highly effective at using DNA ligase to covalently
join 5’ DNA end to a 3/ end of a RNA strand (32 ligation
events per minute) using a DNA template*®*”. Further-
more, using single-stranded ligation, increasing reaction
time with simultaneous reduction in reaction temperature
along with increased enzyme concentration has com-
pletely recovered methylated small RNA targets®'?. Prior
work in our group has also examined the effects of
modifying ligation time and demonstrated that the
majority of labelling events occur within 30 minutes of
ligation (>98%) using excess DNA ligase?’z. Based on this
prior research, it is reasonable to expect that our tem-
plated ligation assay is not adversely affected by having
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small RNA targets with 2’-OCH; modification at the 3’
end.

Assay optimization for miRNA detection in model plants

Prior to optimizing the assay for plant miRNA capture
from tissue sections using the well array, we wanted to
test for the natural variation of miRNA between adjacent
tissue sections all examined with the same assay protocol.
We used 10 pm thick leaf sections from 4-week-old Col-0
Arabidopsis thaliana. Sections adjacent from the same
leaf were taken and the standard miRNA hybridization
buffer (800 ug/mL Proteinase K and 2w/v% sodium
dodecyl sulfate) was introduced to the wells to measure
miRNA amounts from the fixed plant tissue. We selected
miR-167a as the target due to the high relative abundance
in plant leaves, enabling greater flexibility for observing
changes in the miRNA amount when examining mod-
ifications within the assay. Additionally, we used an
internal control (0.2 uM biotinylated DNA probe for assay
validity) and cel-miR-54 (endogenous to Caenorhabditis
elegans) as the negative control (Table S1). Due to the
natural abundance of biotin found in plant cells which can
non-specifically bind to posts, the negative control is
subtracted from the miR-167a signal during image
analysis™®,

Fig. 3a visualizes the locations of the five serial sections
overlaid on the microarray wells (background grid) that
were tested while using identical assay conditions without
removing any paraffin. For each section, the heatmaps
that showed localized miRNA amounts were reported.
Each section displayed high binding specificity evident in
both the section outline and in areas without tissue (Fig.
3b). Reported values shown in Fig. 3e using serial sections
showed standard deviations within the average amount
(CV =40-45%). The variability in the miR-167a amounts
show intrinsic fluctuations either in the assay or in the
tissue sections that need to be considered when opti-
mizing the assay and comparing proximal sections with
different assay conditions. We further demonstrated that
section to section variation of miR-167a decreased when
paraffin was removed either before or after hybridization
(Fig. S1). These results demonstrated that paraffin
occludes wells and removes fixed posts after hybridiza-
tion, thereby increasing variability in miR-167a amounts
without paraffin removal (Fig. 3e). We thus removed
paraffin before and after hybridization in subsequent
optimization experiments due to high post retention
(98%) along with consistent miR-167a signal in proximal
sections.

To improve capture capabilities for plant miRNA, we
further optimized the cell lysis conditions during hybri-
dization. After cell lysis, secondary metabolites found in
plant cells tend to co-precipitate with nucleic acids and
can affect the yield of miRNA captured'®®. With the
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inclusion of polyvinylpyrrolidone, M.W. 40,000 (PVP40)
insoluble complexes are formed with secondary metabo-
lites and are precipitated out, thereby maintaining RNA in
solution'”. For optimization, we examined the effects of
combining the lysis reagents with PVP40. We used adja-
cent sections from the same leaf and examined the
endogenous miR-167a signal after the addition of PVP40
in the hybridization buffer (Fig. 3c). As shown in Fig. 3d,
with the addition of 1.5 w/v% PVP40 in the hybridization
buffer, miR-167a amounts have increased using the same
lysis reagent concentrations (2 w/v% SDS and 800 pg/mL
Proteinase K). At 3w/v% PVP40, the signal decreased.
This decrease is presumably because larger amounts of
PVP40 can inhibit enzyme activity®”. Since reported
averages shown in Fig. 3f have statistical significance
(P <0.001) with the addition of 1.5 w/v% PVP40, we add
1.5 w/v% PVP40 to the optimized hybridization buffer. It
is noteworthy that with the addition of both 1.5 w/v% and
3w/v% PVP40 the SDS did not precipitate out of the
hybridization buffer. This is expected as PVP40 can serve
as a stabilizing agent for the lysis reagents.

We also sought to explore the effects on miR-167a
signal when varying Proteinase K concentration.
Depending on the plant system, there are varying
amounts of carrier protein (Argonaute) that anchors
miRNA*!, Therefore, we need to optimize the amount of
Proteinase K to effectively denature the Argonaute pro-
teins prior to hybridization. When varying the Proteinase
K concentration, we found no significant differences in
miR-167a signal from 200 pg/mL to 400 pg/mL with fixed
2w/v% SDS and 1.5w/v% PVP40 (Fig. S2). There are
statistical differences in miR-167a amounts when
increasing the Proteinase K concentration from 200 pg/
mL to 800 pg/mL. Though the difference in miR-167a
amounts were all within a standard deviation, we opti-
mized at 800 pg/mL Proteinase K because qualitatively the
increase in Proteinase K softened the tissue section pre-
venting undigested plant matter to occlude the wells after
hybridization. Proteinase K activity was also evaluated by
modifying tissue digestion times fixed at 55°C prior to
Proteinase K deactivation (80°C for 15 min) (Fig. S3).
After increasing the digestion time from 15min to an
hour, there is a statistically significant (P < 0.01) increase
in miR-167a amounts. Further increasing the tissue
digestion time dries out the wells along the periphery of
the array such that a 1-hour digestion time prior to 3-h
miRNA hybridization is optimal.

Multiplexed plant miRNA detection

After optimizing the assay for the model plant species
Arabidopsis Thaliana, we examined the multiplexing
performance using three endogenous plant miRNAs. The
three plant miRNA in the panel (miR-167a, miR-159a,
miR-396b) were selected because they are highly
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conserved between different plant species and express
unique expression differences under growth and devel-
opment. The role of these miRNA ultimately affects the
leaf size and shape™.

To show high binding specificity during multiplexing,
we determined the cross-talk for each target miRNA in
the panel. In every well, we polymerized five posts where
three posts target a unique miRNA (miR-167a, miR-159a,
miR-396b) along with an internal and negative control
(Table S1). Using a buffer with synthetic target added (no
lysis or binding reagents), we spiked 0.3 amol of one
miRNA target separately to the wells and sealed with a
glass slide using magnets before hybridization. The
resulting signal after performing the assay was control (0

amol) subtracted, and the matched signal relative to each
target was calculated (Fig. S4). The average signal cross
talk from Fig. S4 was 1.5% where the maximum signal
cross talk was 3% when spiking in 0.3 amol of miR-167a.
Prior work using targets with high sequence similarity (1-
2 base pair mismatches) reported a maximum signal cross
talk of 27% when comparing four members of the let-7
family>>. The high specificity demonstrated in our panel
shows low sequence similarity among the target plant
miRNA.

Furthermore, calibration curves were constructed for
each target miRNA by adding known synthetic amounts
to each well and sealing the wells with a glass slide before
hybridization (Fig. S5). The reported signal was control (0
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amol) subtracted from the fluorescent amount from each
post. The LOD for the endogenous miRNA in the panel
was between 0.0036-0.0170 amol which is the same order
of magnitude from previous work detecting miRNA from
mammalian cells (0.0081-0.053 amol)’. Notably, in Fig.
S5 when simultaneously adding 0.3 amol of three targets
to one array (multiplexed), the averaged target signal is
identical to the signal when adding 0.3 amol of one
miRNA target to the wells (~500 AFU) (Fig. S4).

After demonstrating high specificity with the endogen-
ous miRNA in the panel, multiplex miRNA detection
from ethanol fixed plant tissue sections was carried out.
We used tissue from three different 4-week-old col-0
Arabidopsis thaliana leaves while targeting three different
plant miRNAs (miR-167a, miR-159a, miR-396b) with one
internal and negative control in the panel (Table S1).
After fabricating the posts within the wells, the optimized
hybridization buffer (1.5w/v% PVP40, 2w/v% SDS,
800 ug/mL ProK) was added and sealed with the fixed
tissue section and magnets, and then imaged using
brightfield microscopy (Fig. S6). Fig. 4a, d, g references the
locations of the tissue sections within wells that were used
during the assay. After performing the assay shown in Fig.
1b, a fluorescent footprint was produced (Fig. S6). The

signal from the negative control (cel-miR-54) was sub-
tracted from the unprocessed signal from each post and a
heatmap for each endogenous miRNA was developed for
each tissue section (Fig. 4b, e, h).

From the fluorescent footprint we observed that the
biotin naturally found in the plant leaf non-specifically
binds to the wells, conforming to the tissue location
within the array (Fig. S6). The amounts of the endogenous
miRNA show similar expression profiles between tissue
sections from different plants (Fig. 4b, e, h). Furthermore,
we averaged the miRNA amounts of wells containing
tissue from Fig. 4b, e, h and reported the amounts of each
endogenous miRNA as the net miRNA present in each
tissue section (Fig. 4c, f, i). From Fig. 4c, f, i, we show a
consistent net abundance from the same tissue section
(amount: miR-167a > miR-159a > miR-396b). The higher
relative expression levels in miR-167a compared miR-
159a to in Col-0 Arabidopsis thaliana is consistent with
prior studies using northern blot*,

Spatial observations of endogenous miRNA are high-
lighted when examining Col-0 Arabidopsis thaliana
rosettes. From Fig. 4, we observe that miR-167a amounts
are less expressed in the leaf vein compared to the blade.
Using ISH, miR-167a was not detected in vascular tissues
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(veins) demonstrating that miR-167a is actively regulated
in the vascular system which corroborates our findings.
Furthermore, when evaluating spatial miR-396b profiles
from Fig. 4, either expression homogeneity (Fig. 4b, e) or
accumulation around the leaf perimeter (Fig. 4h) is
observed. We validate our findings when using a GUS
reporter gene assay as miR-396b reveals an expression
gradient where the signal is highly conserved around the
perimeter of a developing leaf. However, depending on
the leaf age, signal homogeneity is observed for older
leaves within the same plant**°, We are able to
demonstrate high signal specificity and miRNA con-
servation between different Arabidopsis thaliana plant
leaves. Our adaptable technique can be expanded for
different applications such as capturing miRNA from
various plants to understand species-specific expression
patterns or to study the different spatial patterns under a
broad range of metabolic conditions. For instance,
miR165/miR166 accumulates only in the periphery of the
abaxial side of leaves due to the tight coordination across
the growth axes, a phenomenon that is beginning to be
understood*®. Therefore, we can apply our method to
adjacent sections across the entire leaf to clarify locations
where miR165/miR166 is biologically relevant. From our
detection platform, we can begin to learn and characterize
the spatial miRNA expression profiles of numerous
miRNAs, which can elucidate the developmental and
regulatory roles of miRNA in precise tissue regions.

Assay validation

To determine the optimized tissue assay performance,
we compared the relative measured amounts to com-
mercial methods for small RNA extraction and detection.
Using the multiplexed, spatial endogenous miRNA
amounts shown in Fig. 4, we determined the relative
expression from each ethanol fixed, paraffin embedded

section tested. The miRNA amounts recovered were
normalized to the corresponding miR-159a levels since
miR-159a has shown to have an intermediate abundance
between miR-167a and miR-396b (Fig. 4), allowing for
lower abundant transcripts (miR-396b) to be easily
visualized. Furthermore, we reported the normalized
miRNA values as a relative amount (Fig. 5a). For miR-
167a the relative amount varies between 5.5-7 and for
miR-396b the relative amount is between 0.39 and 0.78.
Since sections were taken towards the center of the leaf
with the greatest tissue surface area, both palisade
mesophyll and spongy mesophyll cell types encompass the
leaf center and are reflected in tissue section*”. Therefore,
from Fig. 5a we show the relative amounts taken from
different leaves have consistent values around the same
cross-sectional area.

We then compared the relative amounts in Fig. 5a to
validate the tissue assay performance using commercial
extraction methods with the well array. We used com-
merical cell lysing and spin column isolation techniques
(RNAqueous micro kit) along with PVP40 (plant RNA
isolation aid) to capture the small RNA enriched fraction
from 4-week-old Col-0 Arabidopsis thaliana leaves. The
collected small RNA fraction was validated using spec-
trophotometry (Nanodrop) and small RNA electrophor-
esis (2100 Bioanalyzer) tools to determine the quantity
and purity of small RNA extracted (Fig. S7). Fig. S7
demonstrates that with the addition of 5v/v% PVP40, the
extracted RNA purity (A230/A260) increased from 1.1 to
1.2 (data not shown) to 1.84-1.9, indicating the successful
removal of contaminates such as polyphenols present in
plant tissue. After evaluating the quality of the small RNA
extraction, we multiplexed three endogenous miRNA
targets (miR-167a, miR-159a, miR-396b) with the addi-
tion of one internal and negative control. 0.032 ng of small
RNA was added to the wells under ideal hybridization
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conditions for synthetic assays (350 mM 1xTET) before
sealing with a clean glass slide and adding magnets®>. The
measured miRNA amounts were normalized to the miR-
159a amount and reported as a relative amount (Fig. 5b).

From Fig. 5, the trends for each miRNA tested correlate
well between the tissue assay and the extracted small RNA
fraction. For miR-167a the relative amount is 4.5, which is
slightly lower than the tissue assay. Since the fixed tissue
sections are taken at similar cross sections, the bulk small
RNA tested reflects regions of tissue where miR-167a
would be less. We observe expression homogeneity
throughout the leaf for miR-159a and miR-396b, while
miR-167a target amounts are lower in sections taken
toward the edge of the leaf (Fig. S8). The bulk small RNA
extracted sample averages over all regions of the leaf and
due to the heterogeneous expression levels of miR-167a,
this leads to a smaller relative amount when compared to
spatially averaged data from the tissue slices in Fig. 4.
Therefore, spatial profiling of plant leaves is crucial to
capture differing expression patterns reflected across the
leaf. Furthermore, we also determined the expected miR-
167a amount detected for a gram of leaf tissue using the
tissue section and the small RNA enriched fraction
(Supplementary Note 1). The expected miR-167a amount
for the tissue section is 192.3 amol/mg whereas for bulk
the expected miR-167a amount is 229.6 amol/mg. Since
the expected amounts agree within 84%, we have shown
comparably robust cell lysing methods regardless of the
extraction process using the well array. We also perform
RT-PCR using small RNA enriched samples (Fig. S9).
From Fig. S9, we observe potential cycle amplification
bias, which may provide an incorrect PCR readout and
may not be accurate when comparing to the tissue assay
performance. Therefore, from Fig. 5, we show that we can
use multiple sample types (fixed tissue and small RNA
enriched) to directly compare the assay performance in
the well array.

Conclusions and outlook

We have developed a spatially resolved and multiplexed
technique for the direct capture of miRNA from fixed
plant tissue comparable to our platform developed for
mammalian tissue. The technique was developed using
minimal pre and post processing steps to digest tissue,
lyse cells, and capture hybridized miRNA on the surface
of a hydrogel-based microwell array. We have shown how
our templated-ligation based platform can overcome
challenges in plant miRNA methylation and can be opti-
mized to detect unique expression patterns in plant
samples, specifically in Col-0 Arabidopsis thaliana rosette
leaves. Useful spatial observations of different plant
miRNA can be detected using our method which have
consistent findings to miRNA detected by techniques
such as ISH and GUS, but with the added advantages of
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quantitative and multiplexed target profiling. Further-
more, our optimized tissue assay using the array is vali-
dated with commercial small RNA extraction processes,
demonstrating the fidelity of our cell lysis technique. In
the future, our robust platform for quantitative detection
of plant miRNA can be extrapolated to applications such
as examining the spatial expression profiles of multiple
plant species or studying the effects of different metabolic
conditions. Our method can ultimately be used to learn
and understand how the developmental and regulatory
roles of plants spatially reflects in precise miRNA
expression patterns.

Materials and methods
Arabidopsis growth and collection

Col-0 Arabidopsis thaliana was grown in the green-
house (Whitehead Institute, MIT) with 16 hours of daily
light exposure (120 umol/m®/s) using both fluorescent
bulbs and natural light. The temperature was maintained
at 22 °C and 50% humidity for 21 days. Potted Arabidopsis
thaliana was transported indoors and grown under a
white light lamp (GooingTop) with 16 h of daily light
exposure (120 pmol/m?/s) and 23 °C with 75% humidity.
Arabidopsis thaliana leaves were collected from plants
28 days after germination. All plant leaves were cut 1 cm
from the leaf base and handled using forceps. Leaves were
weighed before transferring into embedding cassettes
(abaxial side facing towards the top of the histology cas-
sette) and immediately stored into fresh 70% ethanol until
processing.

Plant tissue sectioning preparation and processing

Plant leaves are stored in 70% ethanol for one week
and transferred to the histology core (Koch Institute,
MIT) to prepare for histologic analysis. The plant leaves
were 70% ethanol fixed and embedded in paraffin using
rapid biopsy processing on the vacuum infiltrating tissue
processor (VIP) according to standard histology tech-
niques. After 70% ethanol fixation for one-week pro-
cessing to paraffin involves dehydration by increasing
percentages of ethanol and xylene. The tissue leaves are
infiltrated with paraffin and then the leaves are flattened
using a tissue tamper (MasterPress) with the abaxial side
facing away from the histology cassette. After flattening
the section, the tissue is embedded into paraffin blocks.
10 um sections were taken using a microtome starting
from the abaxial side and placed onto microscope slides
(Superfrost Plus, Fisherbrand). 10 um sections were
selected because of calculations were performed for
expected miRNA amounts per well (Supplementary
Note 2). Sections were kept from the center of the tissue
because there is greater surface area towards the leaf
center. The sections were imaged under a microscope
(Aperio AT2, Leica).
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Small RNA enriched extraction

Small RNA was extracted from 28-day old intact plant
leaves using the RNAqueous-Micro Total RNA Isolation
Kit (Cat. number: AMI1931, lot number: 2586176 &
2586171, invitrogen) along with Plant RNA Isolation Aid
(Cat. number: AM9690, lot number: 01216055, invitro-
gen) following the manufacturer’s instructions. Plant
leaves were cut 1cm from the leaf base. Leaves were
weighed until ~10 mg of tissue has been added. The leaves
were immediately processed using 5v/v% plant RNA
isolation aid and 95v/v% lysis solution using a manual
tissue disruptor (1.5 mL & 2.0 mL pestle, Axygen) until
the homogenate appears clear. The lysis process was
repeated until 50 mg of tissue has been processed. The
lysate was centrifuged for 5min at 15000xg and the
supernatant was transferred and the volume was recor-
ded. 0.5 volume of 100% ethanol (Pharmco) was mixed
with the lysate and passed through a Micro Filter Car-
tridge Assembly by centrifuging for 30 s at 15000 x g. The
cartridge was discarded and the ethanol levels in the flow
through was brought up to 1.25 volumes before cen-
trifuging through a second Micro Filter Cartridge
Assembly. After centrifugation, the cartridge was rinsed
with the two wash solutions provided followed by cen-
trifugation at full speed for 1 min to dry the filter. 60 uL
preheated 1xTE buffer was added to the cartridge to
collect the small RNA. The collected small RNA was
incubated with DNase I for 20 min at 37 °C before adding
the DNase inactivating buffer for 2 min at room tem-
perature. The solution was centrifuged at full speed for
1.5 min and the small RNA was collected and stored at
-70°C. Spectrophotometry techniques (NanoDrop One/
OneC) were used to determine the concentration and
purity (A260/A280 and A260/A230) of the small RNA
enriched sample. Samples were diluted to ~1ng/ul for
Small RNA electrophoresis (2100 Bioanalyzer, Agilent) to
quantify the miRNA present (Genome Technology Core,
Whitehead Institute, MIT).

Well array device fabrication

Glass slides (BELLCO, Electron Microscopy Sciences)
were treated to make the surface hydrophobic with
acrylate groups for later creating chemical bonds with the
hydrogel posts. Slides were submerged in 1 M NaOH for
two hours at room temperature. The slides were rinsed
with DI water before acrylating the glass slide surface®".
Slides were coated in a solution of five parts DI water,
three parts acetic acid, and two parts 3-(trimethoxysilyl)
propyl methacrylate for two hours at room temperature.
The slides were cleaned with methanol and DI water and
baked in a vacuum oven at 80 °C for 10 min before storing
in a vacuum desiccator. Polydimethylsiloxane (PDMS)
(Sylgard 184, Dow) molds were fabricated as described
previously’’. A SU-8 master mold (MicroChem) was
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prepared using standard photolithography techniques.
The SU-8 master mold contains square well features with
dimensions of 300 pm x 300 pm and with a depth of
39 um and 50 pm spacing in between wells. The micro-
fluidic device was casted from the SU-8 wafer mold using
PDMS by mixing ten parts elastomer base and one-part
curing agent for 5 minutes and left to degas for at least
72h at room temperature. PDMS molds were removed
and 1.5 mm inlets were punched through using a biopsy
punch (Miltex, Integra Life Sciences). The PDMS molds
were centered on the silanized glass and degassed over-
night. The slides were removed from the desiccator and
Norland Optical Adhesive 81 (NOAS81, Thorlabs) was
added to the inlet and loaded through the mold via degas-
driven flow for 25 minutes. Slides with molds were UV-
cured for six minutes. Molds were removed from the well
array slides after curing and the slides were stored under
vacuum.

Hydrogel post fabrication

Functionalized glass slides fixed with cured NOA81 well
arrays were submerged in DI water and degassed until air
bubbles in the wells were removed. 500 um spacers were
made by stacking three layers of electrical tap (3 M) to a
wider glass slide (75 mm x 50 mm, Corning). The NOAS81
well array slides were placed with the back of the array
facing up and 500 pL of 1xTET buffer (1xTris EDTA and
0.05% Tween 20) was flowed between the array and the
spacer where excess buffer was kept in between the array
and the spacer for at least 1 minute. PEG-based posts were
made from a pre-polymer solution to a final composition
of 18% (v/v) PEG diacrylate 700 g/mol, 36% (v/v) PEG
200 g/mol, 4.5% (v/v) 2 hydroxy-2-methylpropiophenone
(Darocur 1173 photoinitiator), 41.5% 3xTris EDTA (TE)
buffer (pH 8.0). The pre-polymer was cross-linked with
acrydite-modified ssDNA probes (Integrated DNA
Technologies) for target miRNA capture.

Prior to post fabrication, the wells were viewed using
our contact lithography station (Thorlabs)*® and initially
calibrated with a 2.5cmx2.5cm chrome photomask
(Photo Sciences) to evenly position a 1cmx1cm grid
composed of 784 40 um x 40 um square posts to fit one
post per well. Initial calibration to pre-align the posts to
the array is performed to minimize subsequent alignment
adjustments. To polymerize posts in the well array, 8 uL of
pre-polymer solution was spread over the array for
45 seconds and excess solution was aspirated. This step
was continued until three washes was completed. 16 pL of
pre-polymer solution was loaded onto the array where a
PDMS slab (1.5cm x 1.5 cm) and ~10 g glass weight was
placed over the array to seal the device. The array was
brought into contact with the chrome photomask and the
posts were polymerized through the aspheric condenser
lens (Thorlabs, ACL25416U) attached to the UV LED
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source (Thorlabs, M365L3) to collimate UV light
(1.5 mW/cm?) through the chrome mask and under
the array.

After post polymerization, the glass weight and PDMS
were removed where the previous precursor in the array is
replaced with a pre-polymer solution containing a dif-
ferent functionalized ssDNA probe. This was repeated
using the same washing and polymerization steps until
each additional post was added. After post fabrication is
complete, four washes of 1xTET (total volume of 1 mL of
1xTET) was flowed between the array and the spacer to
rinse excess solution out of the array. Posts were then
oxidized by continuously flowing a solution of 500 uM
potassium permanganate (Sigma Aldrich) in 0.1 M Tris-
HCI buffer (pH 8.8) across the array for 5 minutes. The
device was washed four times with 1xTET (total volume
of 1 mL) and stored at 4°C in 1xTET within spacers.

Well array assay
Spatial microRNA assay

The assay involves miRNA hybridization directly from
tissue section, ligation of a universal biotinylated linker,
labeling with SA-PE, and fluorescence imaging. The
device was removed from 4 °C to room temperature and
1xTET was replaced by 350 mM NaCl 1xTET for at least
5 minutes. During this the hybridization buffer is created
which consists of 350mM NaCl 1xTET, 2w/v% SDS
(Sigma Aldrich), 800 pg/mL Proteinase K (New England
Biolabs). The glass slide with the tissue section is heated
to 45°C for 2min while excess paraffin is manually
removed around the section.

In total 350 mM NaCl 1xTET was aspirated from the
array and 10 pL of the hybridization buffer is loaded to the
array and spread around to prime the solution in the
wells. Excess hybridization buffer is added to the array and
sealed with a tissue section on a glass slide. Clamps
(plastic, McMaster Carr) were used to hold the glass slides
in place to take brightfield microscopy image. Magnets
(Grainger) then sealed the top and bottom of the tissue
and array and coverslip sealant (CytoBond) was added to
the edge of the glass slide attached to the tissue section to
prevent wells drying.

During hybridization the sealed array was heated to
55°C for 15min to digest tissues and lyse cells, then
heated to 80 °C for 15 min to deactivate enzymes, and held
at 55°C for 3h for free miRNA to hybridize. After
hybridization, the sealant and magnets were removed and
the array-tissue section was heated to 55°C for three
minutes before the tissue section was separated and the
array was rinsed with preheated 50 mM NaCl 1xTET
(R50). The arrays were placed over spacers and washed
four times with R50 (total volume of 1 mL).

Ligation is used to covalently join the 3’ miRNA end to
the 5’ end of a universal biotinylated linker (Table SI).
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Ligation solution consisting of 86.9 v/v% 1xTET, 10 v/v%
10xNEBuffer 2 (New England Biolabs), 2.5v/v% 10 mM
ATP (New England Biolabs), 0.4 v/v% 1 mM biotinylated
linker (Integrated DNA Technologies), 0.2 v/v% 800 pg/
mL T4 DNA ligase (New England Biolabs) is loaded over
the array for one hour at room temperature away from
light. Excess linker was washed away and the array was
rinsed four times with R50 (total volume of 1 mL). The
ligated biotinylated linkers are labelled using SA-PE
solution which consists of 1v/v% 1 mg/mL SA-PE (pre-
mium grade, invitrogen) and 99 v/v% R50 away from light
for one hour at room temperature. Excess SA-PE solution
was removed and the array was washed four times with
R50 (total volume of 1 mL) and where the array was held
in R50 for 30 min for excess SA-PE to diffuse out of posts.

After removing excess R50 from the spacers, an
18 mm x 18 mm microscope cover glass was placed over
the array. The cover glass was sealed with clear nail polish
(Wet n Wild) and mounted to a glass microscope slide
before imaging the array with the Genepix 4400A slide
scanner (Molecular Devices). The slides were imaged
using a 532 laser set at 100% power, 500 PMT gain, and
100 um focus position, along with an Alexa568 filter. The
scanner resolution was set to a maximum of 5 um/pixel to
prevent any weak auto-fluorescence from the NOAS81
wells to interfere with the post signal.

Synthetic and bulk extracted small RNA assay

The assay involves miRNA hybridization directly from
either synthetic miRNA or plant extracted small RNA
enriched samples, ligation of a universal biotinylated lin-
ker, and labeling with SA-PE. The assay protocol is
identical to the spatial miRNA assay with slight proce-
dural modifications. The hybridization buffer created
consists of either synthetic miRNA (Table S1) or plant
extracted small RNA enriched samples and made to a
final concentration of 350 mM NaCl 1xTET. After load-
ing the hybridization buffer to the array, a clean glass slide
was placed over the array to seal the buffer before adding
magnets and Cytobond sealant around the clean glass
slide. During hybridization, the heating step was held at
55°C for 2 h. Following hybridization, sealant and mag-
nets were removed and the array was rinsed four times
with R50 (total volume of 1mlL) where the ligation,
labelling, and imaging steps were identical to the spatial
miRNA assay.

Analysis

Fluorescent images from the slide scanner were pro-
cessed into TIFF files. Before quantifying the fluorescent
signal from each post, we first defined each post to be
made up of 8 x 8 pixels. Two wells from the same row
were chosen and the pixel position at the upper left corner
of each post was recorded. The code applies a convolution
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to each post and finds the highest averaged intensity
generated from 8 x 8 pixels larger than the post size. After
analyzing the results, the unprocessed image was eval-
uated to determine the wells with bright dust particles
stuck to posts or fallen posts. The code gave an upper and
lower threshold and set these areas to the background
signal. For posts that have fallen off, we averaged the
signal of the 8 surrounding posts in wells corresponding
to the same miRNA target and set the new post signal to
the average with ~98% post retention. For data resulting
from spatial miRNA assays, we developed a digital mask
which defines a region of interest that references the tis-
sue location within the array. The code provides a
threshold for tissues with partly filled wells and sets the
value outside of the threshold to zero and inside the
threshold to one. The digital mask is overlaid over the
fluorescent scan after image processing.

Statistical analysis

All the details of the statistical analysis are further
explained in figure descriptions and in their correspond-
ing sections. The reported fluorescence is the signal
directly from the scanner subtracted by the negative
control signal. The reported amounts use the negative-
control subtracted signal and calibration curves (Fig. S5)
to get the expected amount. Both the reported fluores-
cence and miRNA amounts are presented as the mean +
standard deviation. The statistical analysis for leaf sections
was conducted using two tailed, unpaired t-test with
significance defined by p-values < 0.05. In each analysis,
the sample sizes for each test was the number of intact
wells within each tissue region.

RT-PCR and results analysis

In total 161.2 ng of enriched Small RNA was used as an
input for reverse transcription (RT) using TaqMan
miRNA reverse transcription kit (Applied Biosystems)
according to manufacturer instructions. The following
TagMan miRNA probes are used: ath-miR159a (assay ID:
000338, Applied Biosystems), ath-miR396b (assay ID:
000348, Applied Biosystems), ath-miR167a (assay ID:
000367, Applied Biosystems), and snoR85 (assay ID:
001711, Applied Biosystems). snoR85 was selected as an
endogenous control (internal control gene)*’. A negative
control omitting small RNA was also reverse transcribed.
Tubes with 15 pL RT mixture was placed in a thermal
cycler (MultiTherm, Benchmark Scientific) and small
RNA is reverse transcribed into cDNA using standard
cycling conditions.

cDNA template and negative control produced from
reverse transcription along with nuclease free water
(NTC) was added to reaction plates (Optical 96-well,
MicroAmp) together with universal Master Mix II, no
UNG (Applied Biosystems). Three technical replicates
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were used for each sample tested. PCR was run using
compatible equipment (7300 RT-PCR System, Applied
Biosystems) using the thermal cycling conditions
according to manufacturer instructions and Cyr values
were analyzed using the 7300 system software. Cr values
from RT-PCR were normalized to snoR85 using the
27441 method™. Relative expression changes were fur-
ther normalized to the miR-159a fold change values.
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