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Abstract

Plant anatomy is known to significantly affentiny aspects of organ functipas
well asthe metabolic cost of maintenance and production of plant tissuels
particular importance is theole of anatomy irplantsability to uptake, transport
and utilize water efficientlyDespite thisjt remains @ urexploitedtargetin crop
improvement The anatomy of duckweedsaduatic plants with an evolutionary
trajectory towards rootlessness) was investigated. Significant root anatomical
reduction (particularly in the vasculatujewas accompanied by a significant
reduction in thefunctions of the root testedconcluding that duckweed rootsve
lost their ancestral function andao be considered vestigidin larger plants it can
be more technically challenging tovestigate anatomical traits, particularly in a
high throughput mannerThis requires thelevelopmentof new methods. Using
the novel method ofLaser Ablation Tomogray (LAT),anatomical phenotyping
pipelines were developednd tested onbrachypodium, maize, gamagrass, and
pearl millet This included theroduction of deegearned fully automatic root
image analysis softwar@hese methods were then employ@&uan investigation

of water stress tolerance impearl millet linesfrom an associatiorpanel This
showed that there was significant root and leaf anatomical variation in this
collection and that anatomical traits were affected by water streBsirther
analysis sbwed that several root anatomical traits were highly correlated with
agronomic traits and genomic analysis was able to identify sevesiagle

nucleotide polymorphismassociated with these anatomical traits.
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ease of resolution. Background colour underlying the species labels represents
genera; yellow represent®istia purple Spirodela pink Landoltig and green
Lemna E) Colour coded key to the different cell layers displayed on the rose
diagrams. CCL stands for cortical cell layer. n = 10 root sections derived from
different plants, except foPistiastratiotes (main) and L. trisulca where n = 5 root
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Figure 31. lllustration of maize and gamagrass experimental design. provided by

Valeria CUSLOAIO. ... e e 135

Figure 32. CQPhase diagram. Showing the temperature and pressure conditions

required for CQto exist in its different SEeS...........coooeevviiiiiiiiiieeeice, 139

Figure 33. Schematic showing simplified layout of Nottingham Laser Ablation
Tomograph Uit. A: Laser galvanometer, BaXis Linear actuator for sample
(nanometer precision PI stage), C: X axis linear actuator, D: Y axis linear actuator,

E:Sample stage F: Magnetic sample holder F: Root sample G: Laser sheet H: Heat
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sink and debris collectomNticroscope turret and objectives J: Microscope body, K:

machine vision camera K: camera focusing Stage..........ccooevvevvivieeennenennns 146
Figure 24. Image of the user interface of the LAT image control software149

Figure3p [! ¢ wSOALIS a{f26pF20dzaé¢sx {t/ NBOAL

progression to focus the sample...........oiiiiiie 151

Figue 3c ® [ ! ¢ wWSOALIS dat2fAaKy/ dziyg[ 22Lk > {t

imaging and sample progressing, repeated three times for imaging covel&ge

Figue3r @ [! ¢ wSOALIS a[ SFFY/ dzGGSNES {t/ NBC

and sample progressing, repeated three times for imaging coverage......154

Figure 38. Leaf imaging regions. (A) Composite whole leaf image stitched from
multiple frames captured using 1X magnification, with boxes showing regions
imaged in B (left) and C (Right), (B) Midrib leaf image captured using 5X
magnification, (C) Lamina portion ¢#af imaged using 10X magnification (50

images captured at 5 pitintervals, Scale Bar A=10 mm, B=1 mm, C=0.5b%%

Figure 29. Whole leaf imager 1X reCipe........c.ccovvviieeiiiiieeeiie e eeeeeann 156
Figure 310. Leaf midrib imageésX reCipe.........ccovuviieeeiiiiiieeee e 156
Figure 311. Leaf lamina portion 10X reCiPe........coeeevivviiiieiiieeeiiee e 157

Figure 312. Median projection of 50 pearl millet leaf lamina images. Taken 5 pum

apart in theZplane, with asterisk marking more prominently highlighted stomatal

Figure 313. Repesentative images of pearl millet organs. Scanned using the
methods developed in 3.5.2, and 3.5.3. (A), Pearl millet stem from internode
immediately beneath panicle, (B) Fourth whorl crown root, (C) Flag leaf midrib,

Scale bars: A=5 MM, B&C= L . e e eaman e 170
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Figure3un ® t+FySf SR AYI3IS aK2gAy3a GKS hdzi Lidzi
of different whorls fromthe Nottingham grown samples, Images organized into

table showing the input images and three types of output from ROOTSCAN for four
different adventitious root classifications under two different treatment groups.

STR: Water stressed, ETM: Weditered, Manification: Mitutoyo lens used on

LAT camera, Circle_approx: circle approximated by ROOTSCAN based on mean
distance from outermost cell layers cell centroids to root centroid, Convex_Hull:
polygon outlining the outermost cell layer of each cell type, Pssed: Segmented

and recolored image produced by ROOTSCAN representing the identified cells in

the SAMPIE IMAGE... ..o 171

Figure 315. Nottingham grown root image quality scores. Stacked Bar chart
showing the distribution of sample quality image scores for the different whorls
and treatments of pearl millet crown roots obtained from the Nottinghgrown
plants, scoring system described in Tabl@ @: Totally damaged unusable rapt

5: Perfectly preserved root), ETM = Well watered, STR = Water stressed .72

Figure 316. Senegal grown root image quality score. Stacked Bar chart showing
the distribution of sample quality image scores for the different whorls and
treatments of pearl millet crow roots obtained from the Senegal field trial pilot
year, Scoring system described in Tabk(3: Totally damaged unusable rapb:
Perfectly preserved root), ETM = Well watered, STR = Water stressed...173

Figure 317. Effects of water stress and mesocosm source on gamagrass crown
root anatomical traits Gamagrass grown in 6 different mesocosms containing soil
from sources contrasting in annual rainfall (TRI=18 in, SVR=19 in, HAY=24 in,
KNX=33 in, CWR=37 in, WELmL@rown under welivatered and water stressed
conditions, Blue bars = control wellatered conditions, Red bars = Water stress

treatment, Mean values showng= 8, Error bars = Standard deviation, Comparisons
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given are %1 & ! bhx! gA0K ouparBanQest cofrértiah A LI S
calculated in Prism 9 (GraphPad), reporting differences only either between
different soils of the same water treatment or between water treatments in the

same soll, Significant differences; *=P<0.05, **=P<0.01, **=P<Q0.001....176

Figure 318 Effects of water stress and microbiome on gamagrass root anatomical
traits, Gamagrass root anatomy of plants grown in sand inoculated with 24
different microbe communities (derived from soil collected from 6 different
locations contrasting in rainfallTRI=18 in, SVR=19 in, HAY=24 in, KNX=33 in,
CWR=37 in, WEL= 40 in) following a period of gamagrass host (G) or free living
adaptation (N) in combination with welatered (W), or water stressed (D)
adaptation), grown under welvatered and water stressedaditions, Blue bars =
control wellwatered conditions, Red bars = Water stress treatment, Mean values
shown, n= 8, Error bars = Standard deviation, Pairwise comparisons given are
multiple Ttests comparing water treatments for the same microbiome
inoculaions, with multiple comparison corrections using the Hetmh R+ 1 Y S UG K2 F
0 ~ A Rt {calculmtgudnPoism 9 (GraphPad), Significant differences; *=P<0.05,
**=P<0.01, ***=P<0.00L......ccuuuuiiiiriiiiiiiiiiianeaaeeeeeeeeeaaeaeaeeeeeeeee e 177

Figure 319. Subset of gamagrass root anatomy data presented in Figli& 3
presenting only measurements of drought stressed plants. Blue ascending striped
bars = microbime history of weHwatered conditions, Red descending striped bars

= microbiome history of water stress treatment, Mean values shawn8, Error

bars = Standard deviation, Pairwise comparisons given are multibestsT
comparing difference between traitwhen grown with microbiome adapted to
contrasting water levels, with multiple comparison corrections using the Holm
~ARt 1 YSHMR2R xalcwated in0OPrism 9 (GraphPad), Significant
differences; *=P<0.05, *=P<0.01, **=P<0.001...........ccevrrririiriniaeerrrnnnnns 178

Figure 320. Subset of gamagrass root anatomy data presented in Figd& 3

presenting only measurements of wellatered plants. Blue ascending striped bars
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= microbiome history of wellvatered conditions, Red descending striped bars =
microbiome history of water stress treatment, Mean values shawg, Error bars

= Standard deviation, Pairwise comparisons givennaultiple Ftests comparing
difference between traits when grown with microbiome adapted to contrasting
Figure 319. Cont. water levels, with multiple comparison corrections using the
Holm~ A Rt { & S A& RE Rcalculatdrcim Brism 9 (GraphPad), Sigait
differences; *=P<0.05, *=P<0.01, **=P<0.001.......cc.coeevrirrririirereneennen. 179

Figure 321. Effects of water stress and microbiome on maize root anatomical
traits, Maize root anatomy of plants grown in sand inoculated with 24 different
microbe communities (derived from soil collected from 6 different locations
contrasting in rainfall (TRI=18, SVR=19 in, HAY=24 in, KNX=33 in, CWR=37 in,
WEL= 40 in) following a period of gamagrass host (G) or free living adaptation (N)
in combination with welwatered (W), or water stressed (D) adaptation), grown
under wellwatered and water stressed conditis, Blue bars = control well
watered conditions, Red bars = Water stress treatment, Mean values simsv8),

Error bars = Standard deviation, Pairwise comparisons given are muHipstsT
comparing water treatments for the same microbiome inoculationghwmultiple
comparison corrections using the HelmA Rt | & S A R Ralculatducim 0
Prism 9 (GraphPad), Significant differences; *=P<0.05, **=P<0.01, ***=P<0.001

Figure 322. Subset of maize root anatomy data presented in Figuél 3
presenting only measurements of water stressed plants. Blue ascending striped
bars = microbiome history efell-watered conditions, Red descending striped bars

= microbiome history of water stress treatment, Mean values shawn8, Error

bars = Standard deviation, Pairwise comparisons given are multibestsT
comparing difference between traits when growntlvimicrobiome adapted to

contrasting water levels, with multiple comparison corrections using the Holm
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~ARt 1 YSHKR2R xalcwated in0Prism 9 (GraphPad), Significant
differences; *=P<0.05, *=P<0.01, *=P<0.001.......cccceeerriririiiirerinrennnn. 183

Figure 323. Subset of maize root anatomy data presented in Figu&l 3
presenting only measurements of waltered plants. RBle ascending striped bars

= microbiome history of wellvatered conditions, Red descending striped bars =
microbiome history of water stress treatment, Mean values shawg, Error bars

= Standard deviation, Pairwise comparisons given are multist$ comparing

difference between traits when grown with microbiome adapted to contrasting

water levels, with multiple comparison corrections using the Helth Rt 1 Y S K2 F
60 ~ A R} | calculmtudnmPoism 9 (GraphPad), Significant differences; *=P<0.05,
F*=P<00L, ¥ =P<0.00L. ..o 184

Figure 324. Composite root image comprised of quadrants from images of well
watered and water stressed, wild type and PINla mutdrachypodium

distachyon Scale bar= 100 [UML.......ccuuiieiiiiie e ena e 185

Figure 325. Root anatomical traits of wild type anBINla Brachypodium
distachyorunder welt watered and water stressed conditions. WW= Well watered
plants, DS= Water stressed plantMean values shown, WT_WW&BS 6,

PINla WWh= 5, PINl1a_ DB8= 4 Error bars = Standard deviation, Comparisons
given are ongs I @ ! bhx! gAGK ¢dzl SeQa Ydzt GALX S
calculated in Prism 9 (GraphPad), reporting differences only eitbvden the

same ecotype or water treatment, Significant differences; *=P<0.05, **=P<0.01,

***=P<0.001, ****=P<0.0001......cccemiiiiiiiiiiieiiiierre e 187

Figure 41. Images of field trial site. Images of the Year 3 (2022) field sites at the
ISRA Bambey field station, showing the water stressed (STR) field on the left, and
the wellwatered field (ETM) onthe right...........ccoooiiiiiiiiiecn e, 204

Figure 42 Sample harvesting, subsampling, and root architecture phenotyping

stations for the Year @022) field trials in Bambey, Senegal..................... 206
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Figure 43. Root Architecture Phenotyping Setup. {Léfmage of setup of root
architecture phenotyping station used in Year 3 of field trials, DSLR camera
mounted in wooden frame facing a blue felt board with a mounting nail, scale
reference, and sample labels attached, (Right), image of bisected root ereseh

for architecture imaging and representative of anatomy sampling materi208

Figure 44. Rot map showing field layout from pearl millet field trials. Top block
ETM (Welwatered), Bottom STR (Water stressed) soil sampling locations shown
DY 1EA AOTS... . 210

Figure 45. Root anatomical traits of pearl millet pilot year subset lines grown under
well-watered, and water stressed conditions. Traits defined in table 3.7 as given by
ROOTSCAN, Meamlues shown, n between-12 dependent on presence or
absence of traits in sample, Error bars = Standard deviation, black = control well
watered conditions, Orange = Water stress treatment, Pairwise comparisons given
are multiple Fiests comparing waterreatments for the same line, with multiple
comparison corrections using the HelmA Rt | & S A R Ralculatducim 0
Prism 9 (GraphPad), Significant differences; *=P<0.05, **=P<0.01, ***=P<0.001,
ik = O 0 PP 216

Figure 46. Principal component analysis of pilot year root anatomical data.
Principal compoeant analysis showing two clusters, one largely containing the
ETM/Wellwatered datapoints (left, black) and the other containing the STR/Water
stressed datapoints (right, orange), separated by PC1 of 35.02%, and PC2 of
18,0000 e e e 217

Figure 47 Correlation matrix of root anatomical traits with agmorphological and
NRE20G | NOKA (SOl dowdldtion indtiix shdwirg carréatiodBf Zrait€) &
measured, Details of measurements given in Table 3.7 and Appendix 8. Separated

to show full correlation data, and significance level. Botii@fh triangle shows
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significance level: Dark Blue=Significant iegacorrelation at P<0.05, Light blue=
No significant correlation, Pink= Significant positive correlation at P<0.05. Top

Right triangle shows Pearson correlation R value, graduated colour scale shown.

Figure 48. Anatomical diversity of pearl millet roots in Year 2. Column chart
showing the mean trait value of nine root anatomical traits, frorangé grown
under wellwatered conditions (Pink), water stressed conditions (Orange), and the
percentage change in each trait between wehttered and water stressed

(Plasticity) (Blue), for each line. Error bars = Standard Deviation............ 220

Figure 49. Correlation matrices of Year 2 phenotypic data and plasticity. Pearson
correlation matrices showing the relationship between root anatomical traits,
agromorphological traits, root architecture, and the plasticity (Pla) of these traits
under water stres$rom Year 2 field data. Details of measurements given in Table
3.7 and Appendix 8, Matrix split to four quadrants for clarity. Recoloured to show
significant positive or correlation at P<0.05 level, Cyan =Significant negative
correlation at P<0.05, Ligihilue = No significant correlation, Orange = Significant

positive correlation at P<O.Q5............cooviiiiiiii i ena e 222

Figue 410. Manhattan plots of GWAS of root anatomical traits from Year 2.
Manhattan plots showing genome wide association study results from analysis of
root anatomy of pearl millet panel lines grown under wehtered conditions,
water stress, and trait plaigity Traits investigated: Stele bounding circle area,
Sclerenchyma area pixel area, cortex bounding circle, aerenchyma area, count,
total and mean metaxylem and vascular bundle area, and total root bounding circle
area. Produced in R using GAPIT, Fatth@Bdel..............cccoooevviiiiieenn, 225

Figure 411. Leaf anatomical traits of pearl millet Year 2 water use efficieney lin
subset grown under wellvatered, and water stressed conditions. Mean values

shown, Error bars = Standard deviation, Red = control-wetibred conditions,
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Yellow = Water stress treatment, Pairwise comparisons given are multipl&tsr
comparing water teatments for the same line, with multiple comparison
corrections using the Holm A Rt { ¥ S & R2 R Galculatgxt im &rism 9
(GraphPad), Significant differences; *=P<0.05, **=P<0.01, ***=P<0.001,
feeiaiat] = O 00 PP PPPPPPPPPPP 227

Figure 412 Correlation matrix of leaf and root anatomical data from Year 2 field
trials. Pearson correlation matrix showing tredationship between root and leaf
anatomical traits. Details of measurements given in Table 3.7 and Appendix 9,
Recoloured to show significant positive or correlation at P<0.05 level, Black
=Significant negative correlation at P<0.05, Grey = No sigriifimamelation,

Purple = Significant positive correlation at P<Q.05..............cccviivieennnenns 231

Figure 413. Anatomical wversity of pearl millet roots in Year 3. Column chart
showing the mean trait value of nine root anatomical traits, from plants grown
under wellwatered conditions (Pink), water stressed conditions (Orange), and the
percentage change in each trait betweemell-watered and water stressed

(Plasticity) (Blue), for each line. Error bars = Standard Deviation............ 233

Figure 414. Correlation matrices of Year 3 phenotypic data and plasticity. Pearson
correlation matrices showing the relationship between root anatomical traits,
agromorphological traits, root architecture, and the plasticity (Pla) of these traits
under water stress from Year 3 field data. Details of measurements given in Table
3.7 and Appendix 8, Matrix split to four quadrants for clarity. Recoloured to show
significant positive or correlation at P<0.05 level, Cyan =Significant negative
correlationat P<0.05, Light blue = No significant correlation, Orange = Significant

positive correlation at P<O.Q5...........coooeiiiiiiiiiie e 235

Figure 415. Leaf anatomical traits of pearl millet Year 3 water use efficiency lines

subset grown under wellatered, and water stressed conditions. LinelEA16

26



A Study of ThdRelationship BetweerMonocotyledonousPlant Anatomy and Water

samples unavailable in Year 3, intentionally included for comparisons to Year 2,
Mean values shown, Error bars = Standard deviation, Black = contreiatelled
conditions, Yellow = Water stress treatment, Pairwise comparisons given are
multiple Ttests comparing water treatments for the same line, with multiple
comparison correctionsising the Holm~ A Rt { & S A R Ralculatducim 0
Prism 9 (GraphPad), Significant differences; *=P<0.05, **=P<0.01, ***=P<0.001,
ekt =0 00 237
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1.1 Introduction

This introduction will focus on three main themes, plant anatomy and its
significance in plant function with regard to water stress, methods of investigating
plant anatomy, and introducing plant species from contrasting water

environments that would benefit frm anatomical research.
1.1.1 Plant anatomy

Plant anatomy is the study of the tissue and cell structure of plant organs, with a
particular focus on internal and microscopic structu(&mpson, 2019)Recent
technological advancements have enabted identification of genetic control of
plant anatomical traits and identified their functional effects. This knowledge can
be utilized to develop more productive plant and crop varieties, and those better
suited to their environment. This is a necessgoal as there is increasing food
insecurity globally, a rapidly growing population, and a prevalence of climate
instability (Atkinson et al., 2019. Analysis of plant anatomy, anatomical
phenotyping (also called anatomics), is a relatively unexplored method of
identifying traits for crop improvement and has been shown to have great
potential in a range of species. This suggests there is much to inedgan
increasing our understanding of plant anatomy and developing new techniques for

its study.
Monocots
Food & global relevance

Monocotyledons,commonly referred to as monocotsre grass and gradike
flowering plants (angiosperms), the seeds of ebhiypically contain only one

embryonic leaf, or cotyledo(c.f.dicotyledons)
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As a target for improvement via anatomical selection, monocot crops represent an
ideal starting point for several reasons. Firstly, they are of extreme importance to
the global food system; 2.3billion tons of cereals are produced annually,
accounting for over halfthg 2 NJha&Rv@siarea, and over 50% of the global caloric
daily intake is cereal grairfgwika, 2011; FAOSTAD23. While the majority of

this is from three species: wheat, maize, arnck, cereals are diverse and can be
found in a wide range of environments. In particular, regional crops are of great
importance to local food security, especially in challenging environments. This is
particularly true in the Sahelian region and greaWwest Africa where, millet,
sorghum, fossa, and African rice are extremely important due to their increased
drought tolerance. Here, food and climate security are significant problems, only

due to worsen in the coming years.
Biology

Monocots are defined byheir single cotyledon, normally succeeded by pinnate
leaves and are generally found to have an absence of secondary meristems or
woody growth. Monocots are often found with a largely adventitious root system,
stemming from the absence of secondary root maems. As monocot root
anatomy is set down largely in the root apical meristem and elongation zone, post

this region it is less variable, making anatomy more consistently comparable.

Monocots, beyondereals have a wide ecological range, covering thebg and
nearly all ecosystems, ranging from desert conditions to freshwater and seawater.
Suggesting by exploring the diversity present in their phylogenetic tree, genes and

traits related to their specific adaptations can be identified.
1.1.2 Water and roots

Water is an essential nutrient for plant growtlits roles in the plant are
fundamental and wide ranging, though in particular it provides the mechanical

structure of the plant, enables, photosynthesis, and facilitates nutrient uptake and

31



A Study of ThdRelationship BetweerMonocotyledonousPlant Anatomy and Water

transport(Blatt et al., 2014) A reduction in the availability of water diminishes the
LJ | whiligy @ function in these ways, and a sufficient interruption to water
availability can cause a break the columns of water that run continuously
upwards within the plant. This disturbance to the hydraulic lift responsible for
transporting water can be enough to cause the vessel to cease to function and
inhibit further water uptake through a process cévitation (Tyree et al., 1986;
Lens et al., 2022)

In the majority of plants, roots are responsible for water uptake, which constitutes
one of their primary functions alongside mechanical plant support, nutrient
uptake, storage, and metabolite synthesiherefore,developing a root system

better suited to low water conditions may help to address challenges faced by

plants in drought prone environments.
1.2 Plantroot traits

The diverse functions of plant roots aeflected in a diversity of measurable traits.
This thesis will focus predominantly on anatomical, developmental and
architectural features, though there are metabglicompositional,biotic, and
photosynthetic factors that have an interplay with the trast chosen for

investigation but will not be addressed directly.

1.2.1 Root architecture

Monocot root architecture

Root architecture is thpresentatiorandarrangement of the root system in space.

In monocots, the root system is made up of seminal (seed derived), and
adventitious (stem derived) root8ornfrom these are several orders of lateral

roots. Following germination, the seminal root is producsten in tandem with

the cotyledon. In cereals and many other species, following development of the
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stem proper, adventitious (crown) roots, form in concentric rings (whorls) around
the stem. The earliest start at a lower portion of the stem, and later formingrls
develop sequentially further upwards. Once tillers are produced, they produce
their own crown root system in the same wagr(med tiller roots). Further to the
development of these root systems, plants are capable of producing additional
types ofadventitious roots which are classified based on their site of genesis and

function such as brace roots.
Significance of root architecture

Root architectural traits have been shown to significantly affect plant performance
in a number of ways. The currestathe of literature on root architecture
LINPY23GSa | aadsSSLlE OKSFLE FYyR RSSLX¥
anatomy)(Lynch, 2013)This has arisen from a number of papérgnch, 1995,
2007, 2022; Lynch et al., 2021; Strock et al., 2@8R®Wwing that deeper rooting
systems, with a more vertical angle to the root crown, conferghér degree of
water stress tolerance. However, there are many different types of soil profile,
which can be highly heterogenous in and of themselves. An optimal root system in
one environment may not be well suited to another, so an architecturally plasti

root system may be most advantagedi@orrea et al., 2019)
1.2.2 Root anatomy

Root anatomy is the arrangement of cells and cell types within the root. Due to
roots generally being cylimgtal in profile and having rotational symmetry, their
anatomy is usually viewed in longitudinal and transverse seckangel-1. At the

root tip, containing the root apical meristem (RAM), root cap, quiescent center
(QC), and elongation zone (EZ), it is typical to visualize this in the longitudinal to
see all these regions more clearly where possible. In the differentiated region,

transverse sectionare standard.
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A

Dz

EZ

Phleem-pole
endodermis

I:l Pith I:l Cortex l:l Root cap

I:l Phloem element - Quiescent centre . Phloem-pole perieycle Xylem-pole
endodermis

I:l Early xylem |:| Phloem companion cell . Xylem-pole pericycle
I:‘ Metaxylem . Protoxylem I:’ Proximal meristem
I:I Protophloem . Epidermis . Distal meristem

Figure 1-1. lllustration of Cellular Organization of Maize Primary RodiA)
Longitudinal section showing functionally distinct zones, (B) Transverse section of
Differentiation Zone, (C) Magnified subsection of stele and endodermis; DZ,
differentiation zone; EZ, elongation zone; MZ, meristem zone. (Adapted¥roet

al., (2016)

Most of the anatomy of a root is set down in each roots RAM) wivarying degree

of alteration in the EZ. This is particularly the case in monocots as they tend to lack
secondary meristems within the root. Within a transverse section of a mature
region of a monocot root anatomical analysis generally considers theeptation

of the following cell types and tissues.
Stele

The stele, also known as the vascular cylinder, is primarily responsible for the
transport of water, nutrients, and sugars, it is also the region from which lateral

roots develop. Within the stele of monocots there can be xylem, phloem, pericycle,
and pithcell types. The arrangement of the stele varies between species and root

types however there are reoccurring motifs, particularly within the cereals.
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Primary roots often have a single or small number of central metaxylem,
surrounded by pith, then with apaced circular arrangement of alternating xylem
and phloem radially outwards from the center, and beyond this, the pericycle
encircling the outer edge of the stele. Crown roots are similar, however typically
rather than a central metaxylem, have a numbdrmetaxylem arranged in a

circular pattern within the ring of xylem and phloem and a pith center.
Pith

Within the stele pith cells are ground tissue, originating from ground meristem,

they are not purported to have significant function in water or nutrimansport.
Xylem

Xylem are the cell type responsible for the transport of water and water
transported nutrients, they are also important in providing structure and support
to the plant (however more so in shoots than roots). In angiosperms they are
normdly in the form of vessel elements rather than tracheid or fibers as the
increased diameter allows for much greater unimpeded water conductéfigere

1-2).
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Bound water

Free water 10 pm
5um
TE Diameter 10 um 20 um 40 pm
TE Cross section 314 um?2 1256 um?2 5026 um?2
Relative conductance 1 16 256

Figurel-2. lllustration showing he relationship between tracheary element (TE)
diameter and relative water conductancgRedrawn from Mauseth (1988) and
Crang et al., (201B)

Within the monocot root system, xylem are split into three groups describing their
development, form and function. Protoxylem atlee first differentiated xylem,
they are the developmental cornerstone of xylem production but have limited
water transport capacity. The early metaxylem matures after the establishment of
protoxylem and are derived from protoxylem, are larger in sizetsande a higher
capacity for water transport. Metaxylem, (late metaxylem), arise later
developmentally than early metaxylem, and are larger in size. Metaxylem are the

most significant contributor to hydraulic conductan@rang et al., 2018)
Phloem

Phloem can present as profgthloem, phl@m element, and phloem companion

cells, they transport sugars and hormones down from shoots to roots.
Pericycle

The pericycle is a layer of pluripotent cells, located at the outermost area of the

stele, from which lateral roots may develop.

36



A Study of ThdRelationship BetweerMonocotyledonousPlant Anatomy and Water

Cortex

The cotex is the layer of tissues between the stele and epidermis. In many roots it
functions as storage tissue for starch, water and minerals. It is also the site of gas
exchange within the root, and forms part of the system that transports water from

the soilto the stele.
Endodermis

The cortex is bounded to the interior by the endodermis, this is a layer of cortical
cells that possess a secondary thickened layer between the cells called the
casparian strip. This forces water into cells and onto the symplaatiovay. This

also serves to waterproof the stele, regulating the flow of water into it, and limiting

water losses.
Cortical cell

Cortical cells may serve a range of functions, they are generally unspecialized, but
adaptable to a range of environmentataimstances. It is in theseells thatmuch

of the root storage takes place, starch deposits (amyloplasts) are common, and

mineral crystals such as raphides are often found. Water passage between these

cells walls is the symplastic pathway, and withindkés is the apoplastic pathway.

Aerenchyma

Aerenchyma are not so much a tissue type, but a deliberate void within the cortex,
and are (typically air filled) spaces between cells. These present in a variety of
patterns depending on the process giving risethem. They are often either

constitutive or inducible, and form through schizogony, or lysod&mwans, 2004)

ExodermisHypodermis

The hypodermis is a cortical tissue layer, generally the radially outermost

layer/layas of the cortex underlying the epidermis. It is not found in all plant
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species and can be present to a greater or lesser extent depending on
environmental circumstances. It can be a more heavily secondary thickened
region, or with a larger number of smaidland tightly packed cells with thicker cell
walls (multiserrate cortical sclerenchyn{&chneider et al., 2021yhe Hypodermis

can also include an exodermis, a layer similar to the endodermis with a band of
hydrophobically secondarily thickened cell walls. This has a range of functions, such
as providing additional mechanical support to the root, a greater degree

waterproofing topreventwater loss, and protecting the root from pathogens.
Epidermis

The epidermis is the outermost layer of cells in the root (or any organ). It is the site

of water uptake, root hair production, and biotic interaction.

1.2.3 Significanceand control of root anatomy

Development of the anatomical ideotype

Root anatomy has been shown to affect plant performance in a wide range of ways,
as it directly impacts the effectiveness of the root as a transport and uptake
system, and also the metabolic cost to the plant of producing and maintaining its
root system. Bcent extensive investigations of root anatomical traits beneficial to
plant growth and stress tolerance has shown that roots with fewer, larger cortical
cells, with a high proportion or cortical aerenchyma are parts of root systems well
suited to survivig drought stresg§Zhu et al., 2010; Chimungu et al., 2014a, 2014b)
This may be a combination of amtially cheaper to produce root increasing soil
exploration to build resilience, and or that during periods of stress the root system
requires less resources to maintain. Large xylem has been linked to increased water
transport capacityPrince et al., 2017; Scoffoni et al., 201 fawever, this an be

disadvantageous if the plant is unable to regulate this and water loss effectively in
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arial tissue. This can also lead to an increased incidence of xylem embolism if the
flow of water is not maintained, which the chances of may also be higher ifrwate

is drawn from the soil too rapidi§Baito et al., 2020; Lens et al., 2022)

Sclerenchymahas also been shan to be an agronomically important root
anatomical trait. Increased cortical sclerenchyma improves root growth through
compacted soil, increases root tensile and bending strength, and enhances plant
growth in mechanically impeded soil conditiof&chneider et al., 2021; Vanhees

et al., 2022)

Genetic control of root anatomy

Many root anatomical traits have been shown to be heritable and under genetic
control in a number of systems. Genome wide association studies (GWAS) have
been used to identify genetic regulators of root anatomical traishsas cell size,
aerenchyma prevalence, extent of cortical sclerenchyma formation, and cell
number. Specific hormone and plant developmental mutants have also been
shown to produce anatomical defects or variaf@arland et al., 1999}hat can
even be differentially induced to affect anaton{\ellor et al., 2019) There are
several demonstrated mechanism for this vascular patternidgabidopsisoots
involving hormonal signalingDe Rybel et al., 2014jranscription factors and
mMiRNA interactiongMellor et al., 2017) The majority of this anatomy related
mechanistic molecular work has been done in the model digodbidopsis
however with advances in genetic transformation it is now possible to look at root
anatomy of targeted transformation mutant cereal lines, thbugese may require

new or different phenotyping methods to those employed Arabidopsis
Abiotic effects on root anatomy

Many plants vary their root anatomy in response to external factors. In the past it
IS suggested that plasticity has been selecgdinst in plant breeding in order to

maximize outputs under controlled conditior{f&age et al., 2017however as

39



A Study of ThdRelationship BetweerMonocotyledonousPlant Anatomy and Water

climate and environmental conditions become more unstable and crops face more
stresses, this becomes disadvantageous. Crops that are able to adapt to their
immediate environment within the growing cycle miag able to tolerate periods

of stress better and recover faster, particularly in low input agroecosystems
(Kusmec et al., 2018; Schneider and Lynch, 2020; Chen et al., Z622gvel of
plasticity itself can be highly varied between lines and traits, and under different
treatments, though in many species a plastic response is often seen under drought,
though has also been observed under light and nitrogen d€¥W¢#hl et al., 2001;
Song et al., 2019)n addition to the traits themselves, roanhatomical plasticity

has been shown to be under separate strong genetic corfBohneider et al.,
2020) The ability to reduce root diameter, cortex area, or increase aerenchymal
proportions under stress can reduce metabolic consumption and improve carbon

use efficiencyChimungu et al2015b; Colombi et al., 2022)

1.3 Plant anatomical phenotyping

1.3.1 Techniques for anatomical phenotyping

History of plant anatomical investigation

Observations of plant morphology and speculation of associated function have

been made and recorded since antity in works such as the Rigveda, Pliny the

9f RSND& ablddz2NI & 1 Aad2NEBET YR ¢KS2LIKNI
in the 1600s, shortly after the invention of the compound microscope that the

study of plant cellular anatomy really began. lIr'v&@Marcello Malpighi published

a wide spanning investigation of plant anatomy Amatomia Plantarum and
bSKSYAIFIK DNBg Llzof AaKSR & FigGelB)yThdase Y& 27
works shed new light on the variety of anatomical structures present in plants, and
following on from the discovery of plant cells, allowed the identification of tissue

structures and the beginning of theharacterization of their function.
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A

F8

Figurel-3. CoIIectiqn of illystrations from equy publications on plapt anatomy

610 1 2NESNIRA&AK NR2G FTNBY a¢KE@6BR)YH) (2 Ye
/| KSailydzi ONBYSH BANSY LM CelloNdRgh(1675)

Important steps towards the development of the field were made throughout the

18" and 19" centuries with the publication of various important texts showcasing

the importance of anatomy in plant classification and understanding development
(Mierbel, Moldenhauer, Candolle, Meyen, Schleiden, Haberlandt). It was in this
GAYS GKS FANENI LKEBI &2 Fa LIg2Miy26a ¢ SNB
development of the heliography process Ricéphore NiépceWilliam Henry Fox

Talbot developed the calotype process, which he used to capture what is thought

to be the earliest plant photomicrograph in 18@8gurel-4).
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Figurel-4. Photomicrograph of a section of a plant stem from a solar microscope
Image of pssibly either a horsetail or elm stem section, captured on salted paper
using a solar microscope by William Henry Fox Talbot in @88 William Henry
Fox Talbot Catalogue Raisonné)

While not microscopy (or plants), Anna Atkins shortly thereafter published her
Oely2(elS LK2G23aANILIKe 0221 at K2023INF LKA
hugely significant, and shortly followed by several other books of her photography,

with collected wak including images of ferns and other plants.

In the early 28 century, investigation of plant comparative anatomy was driven

by Agnes Arber with several notable publications on aquatic angiosperms,
monocot anatomy and Gramineae anatomy. Thiswasf@ldv 6 & Yl G KSNARY S
definitive textbook on plant anatomy in the 1950s, that has been in press since

(Simpson, 2019)
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Modern techniques of anatomical analysis of plant traits

The advent of digital phoggraphy in the late 1950s, and its subsequent integration
with microscopy, rapidly advanced the field of plant anatomical phenotyping.
Developments of new types of digital sensors has led to a range of imaging
techniques that have found applications in plaanatomical phenotyping,
including confocal microscopy,-r&y computed micrgéomography, electron
microscopy, thermal imaging, magnetic resonance imaging, positron emission
tomography, and many types of brightfield imagi@psta et al., 2019; Pieruschka
and Schurr, 2019; Fasoula et al., 2020)

A recent development in plant anatomical phenotyping is the use of laser ablation
tomography to rapidly sectivand image plant samples using a powerful laser to
ablate and induce fluorescence in samples for rapigh-quality imaging.
Depending on the sample handling and choice of 2D or 3D scanning, this can
generate hundreds of individual sample images a daymaitiple images a
second(Chimungu et al., 2015b; Walter et al., 2015; Hall and Lanba, 2019; Strock
et al., 2019; Neto et al., 2022; Laser Ablation Tomography 2.0, n.d.)

Advances in technique and technology have enabled massive increases in
resolution and peed of image acquisition of these techniques, resulting in
extremely large image datasef#tkinsonet al, 2019) However, many image
analysis techniques remain largely manual, and this is especially the case in
anatomical phenotymig. This creates a bottleneck in the potential throughput of
any phenotyping pipelindMinervini et al., 2015)Some systems speed this up
through the use of custom designédols (Lartaud et al., 2015)semiautomatic
segmentation system@ound et al., 2012apr fully automatic system@urton et

al., 2012) These help with this issue, but with hitfinoughput andhigh resolution
image capture, image analysis often fails to keep pabe.advent of deep machine
learning has been suggested as a solution to this bottleneck, and bring it at least in

line with the other steps in the proce¢¥asratet al,, 2019)
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1.3.2 Previous studies of root anatomy in monocots

Root anatomy has been previously investigated in a range of species using several
varied methods. This started with early descriptive work surveying the different
types of pant roots and the structurewithin andhas evolved into investigation of

how roots interact with their environment, diversity within species and between

different organs, and genetic control of root anatomy.
Pearl millet

Pearl millet root anatomy has been investigated in several studesck et al.,
2003; Maiti et al., 2012a; Purushothaman et al., 2013; Passot et al.,,20id®)
quite comprehensively by Passot et (@016) which showed that pearl millet
shared the common cereal root anatomy patterns as described previously in
Section 1.2.2This was followed up with investigation of lateral root anatomy,
which showed three distinct anatomical configurations, shared between lateral
and crown roots. These classes are largely based on root diameter, and the
presence and size of metaxylem iretlateral root stele. These lateral root classes
correspond to assigned classes of lateral root in a follow up study, comparing
lateral root prevalence and growth in pearl millet and maize. This showed that the
majority of lateral roots (62%) are the snedt variety lacking metaxylem, and
these had a continuously high growth rate compared to the other classes which
slowed and ceased soor{@assot et al., 2018Root hair lendt and abundance

has also been found to be related to rhizosheath (the soil region closely associated
with and adhered to root systems) formation and soil adhesion in pearl millet
(Canté et al., 2021While the primary root has been investigated, research tends
to focus on crown root anatomy, as the primary root is typically the only seminal
root produced and it often dies off after@weeks of growth. It has been observed

that between lines and growth conditions, pearl millet root anatomy is variable in
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the amount of sclerenchyma in the exodermis, thickness of endodermal cell walls,

and level of lignification in different cell typ@4aiti et al., 2012a)
Maize

Maize has become a sort of model organism in investigation of root anafgork

et al., 2015; Bray and ToppQ18; Sidhu et al2018), as its large roots with well
spaced nodes/whorls make it well suited for root anatomical analysis. The majority
of large field trials investigating root anatomy, especially those using LAT scanning
have involved use aihaize. The maize root system comprises multiple seminal
roots as well as adventitious roots at varied positions at the stem. There is a less
clear divide between seminal and adventitious roots in their anatomy, as later
developed seminals may also havedyparch arrangement of a large number of
metaxylem. Adventitious roots will however generally be larger and may have a

more heavily slerenchymatousypodermis.

Extensive investigation of maize root anatomy using LAT has shown numerous
benefits to root cotical aerenchyma, such as improved drought tolerafi¢ieu et

al., 2010) enhanced nitrogen acquisition in nitrogen poor s¢8sengwilai et al.,
2014) and enhanced soil exploratigitanhees et al., 2020%imilar benefits have
been stown to be conferred by cortical cells being laf@&rimungu et al., 2014a)

and having a reduced number of cortical cell filg&himungu et al., 2014b)
Breaking down these constitutive traits has allowed for enhancedetie
discovery and the development of predictive models that facilitate prediction of
biomechanical properties and the design of roots for specific environments

(Chimungu et al., 2015a; Klein et, &020; Schéafer et al., 2022)
Rice

Rice is one of the most important food crops in the world for human consumption.
It has similar stele patterning in its different root classes to other cereals. however

has different cortical and epidermal patter(Rebouillat et al., 2009)
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Rice is a semaquatic plant species, and therefore has several anatomic
adaptations to its environment such as a more regular suberized hypodermis and
a high proportion of aerenchym@&lark and Harris, 1981jvestigation of rice root
anatomy in response to drought has revealed that anatomy is highly plastic, and
that plasticity affects drought toleranc@~onta et al., 2022)In response to low
phosphorus, root area was significgntlecreased and a higher percentage area of
aerenchyma was observed, however there were limited to few responses to
phosphorus treatment in the stele or in vascular trg¥ejchasarn et al., 2016n

a panel of Egyptian rice varieties there was significant variation in traits plasticity
levels, and under drought stress lignin deposition was reduced in the cortex and
enhanced in the stele, cortical diameters were reduced and mgtam number
decreased(Hazman and Brown, 2018\natomical traits are diverse in rice and
investigation has shown variation in xylem and stele size between and within
different populations indicatinthese traits are divers@Jga et al., 2009nd under

the control of specific genetic regiofidga et al., 2008)

Similar to the earlier work on pearl millet lateradat anatomy, analysis of rice
lateral roots found three classes of lateral rod&atanabe et al., 2020)and
further to this foundan additional difference between the two large classes of an

additional sclerified layer that had a distinct immupmfile.
Duckweed and close relatives

Duckweed are a family of free floating aquatic angiosperms with an interesting
evolutionary historyof moving from land back to water, posing interesting
anatomical and developmental questioridones et al., 2021)Duckweed root
anatomy has not been studied extensively or at all in the majority of varieties,
despite its orand off history as a model speci@scosta et al., 2021)here are

select research articles with images that makeservations on different aspects
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(Melaragnoand Walsh, 1976; Kim, 2007; Jung et al., 2008; An et al., 20119

root and frond anatomy, but not in a high throughput or comparative manner, and

it has been described and illustrated in various texts by Elias Landolt, Agnes Arber,
and F. Hegelmar. Pistig a related outgroup that is often included for comparative
analysis, has seen some investigation of root anatomy and how this is affected by

abiotic stress, but not across the root systékapo et al., 2011; Silva et al., 2D13

1.3.3Monocot leaf anatomy

Leaf anatomy has been shown to be under strong genetic and developmental
control for the optimization of gas exchange for photosynthe@sillie and
Fleming, 2020)Monocot leaf anatomy varies significantly between C3 and C4
plants but can still broadly be broken down into morphological parameters such as
length and width, coupled with vascular patterning, porosity and stomatal
distribution, and abundance of diffen¢ cell types. Similar to optimization of root
anatomy for water capture, leaf anatomy can be optimized for photosynthetic and
water use traits(Galmés et al., 2013; Xiao et al., 2023¢veral anatomical traits
have been linked to or are suggested to be related to important physiological
features that relate to plant growth and performance, such as the stomatasidy
(Dunn et al., 2019)porosity (Mathers et al., 2018)vascular bundle structure
(Warner and Edwards, 1988)ssel diameteScoffoni et al., 2017band bulliform

cell patterning(Mader et al., 2020; Matschi et al., 2020)

1.3.4 Drought and Anatomy

Drought and plant function

Drought is complicated to define and can be used describe either dryer than
normal conditions, a lack of rainfall or precipitation, or a shortage of water
(Seleiman et al., 2021)or plants this often refers to stress due tsufficient

water. As the majority of global agricultural systems are rain fed, drought through

lack of rainfall is a major threat/limiting factor to global crop product{dolden
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et al., 2011; Fekete, 2013As the climate changes towards a more unpredictable
and unstable system, the trend is for regio@iseady receiving unstable rainfall
levels for the instability to become exacerbated. The rising global temperature also
causes an increased level of water loss, both from plants and from the

environment.

Plants need water to function, it is required feeveral main reasons; as part of
photosynthetic reactions to acquire energy and to facilitate metabolic reactions,
to enable transport of nutrients and minerals around the plant, and to provide
strength and structuréMcElrone et al., 200)3Insufficient water availability results

in a range of issues in these areas, and a period of drought can cause serious
permanent damage to the plants vascular systesulting from xylem embolisms
(Scoffoni et al.2017b; Lens et al., 2022)

Anatomical traits relating to drought tolerance

A number of plantoot anatomical traits have been shown to help plants survive
drought and be resistant to potential damag&hese includereduced root
diameter, increased root cortical aerenchyma, reduced cortical cell layers, large
cortical cell size, reduced cortical celimber, and xylem diameter and number
(Chimungu et al., 2014a, 2014b, 2015b; Hazman and Brown, 2018; Burridge et al.,
2022; Lens et al., 2022)

Conceptually, the benefit these cortical traits offer include reducing root metabolic
and water cost, while icreasing the volume of soil that can be explored by the root
system for the same resource expenditfteynch, 2013)In the vasculature there

is potentially more to consider with regard to the target environment; as there are
tradeoffsbetween @nservation of available water, maximum hydraulic flow, and
embolism avoidance, that will be specific to the temperature, soil environment,

rainfall, and water availability.
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1.4 Studied species I: Pearl Millet Exemplar species for water stress studies

1.4.1 Biology

Description

Pennisetum glaucurfCenchrus americanysor pearl millet, is a seed crop, which
grow on a dense panicle, typically-20cm long. It is @ monocot, member of the
Poaceae, and a C4 plaihtuang et al., 2016)igurel-5). Dwarfed and nordwarf
varieties are both common, as the large leaf stalks are a common fodder crop for
animals. It is grown around the world and is the most popular millet variety
globally. It is genetically and phenotypically diverse and many differemngties

are grown to suit different climate conditions and consumer preferences

(McDonough and Rooney, 1989; Hu et al., 2015; Satyavathi et al., 2021)

A

Oryza sativa (rice)

BOP clade

Brachypodium distachyon

Triticum aestivum (wheat)
Eragrostideae

Eragrostis tef (teff)

Eleusine coracana (finger millet)

Cynodonteae
Echinochloa spp. (barnyard millet)

Paniceae Panicum miliaceum (proso millet)

PACMAD
clade

Panicum sumatrense (little millet)

Cenchrus/Pennisetum glaucum
(pearl millet)

Setaria italica (foxtail millet)
Setaria viridis

Paspaleae
Paspalum scrobiculatum (kodo millet)

Zea mays (corn)

Sorghum bicolor (sorghum)

Figure 1-5. Cladogram showing phylogenetic relationships and photosynthetic
subtypes of milets and other Poaceae specieBlack, gray and red taxa names
represent millets, major crops and model grasses, respectively. Millet lineages are
also highlighted in yellow. Green, red, purple, and black branch colors represent
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three subtypes of C4 (NABRalic enzyme, NAlhalic enzyme and
phosphoenolpyruvate phosphatase) and C3 photosynthesis respectively. Dashed
colors represents mixed subtypes of C4. Reproduced toang et al., (2016)
using phylogeny from Grassyrtgeny Working Group (2012)

Origins anddomestication

Pearl millet is thought to have its center of domestication in the Sahel in western
Africa(Figurel-6) and have been domesticated around 2800 BKZ&nning et al.,
2011) This is an extremely arid region, and as a result, pearl millet is well adapted
to low water conditions and poor soil and can grow in areas where other major
crops canno{Satyavathi et al., 2021Around 1500 BCE, it appears to have spread
east, possibly along the Indus valley civilizations trade networks, from east Africa
to the Indian subcontinen{Haaland, 2011)This spread has resulted in a large
genetic diversity of pearl millet, and it readily outcrosses and hybridRatler et

al., 2019)
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- Sahara

Figurel-6. Map of North Africa Map of NorthAfrica showing the Sahara desert
(pale green) the Sahel region (dark green), and Senegal (Senegalese flag coloured),
with a dashed line denoting the are of the country considered to be in the Sahel.

Genetic resources

There are several pearl millet diveysipanels held by different research
organizations around the world, including ISRA (Senegal), ICRISAT (Niger), and
GRIN (USAMHu et al., 2015; Sehgal et al., 2015)

Leveraging these resources through the use of genome wide studies has enabled
the identification of candidate genes responsible for agronomically relevant
physiological traits, such as graireld (Sehgal et al., 2015)ooting depth(de la
Fuente et al., 2023and rhizosheath formatiofde la Fuente Canto et al., 2022)

1.4.2 Pearl millet as a crop

Uses

Pearl millet is the sixth most important cereal crop in the world basedarvested
area ands the most widely grown form of millet globally and is of particularly high

importance in (West) Africa, and in India. Industrially India is the largest producer

of pearl millet, however it is hard to estimate the extent to whicisiggrown in the
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Sahel due to the smallholder and subsistence nature. In India it is largely consumed
as a flatbread, or in Tamil Nadu, as a porridge. In the Sahel, pearl millet is largely
consumed agorridge as a pearl millet couscous like food, or gsoaridge like

drink made from the couscous. This is similar across other parts of Africa, including
Namibia where it is a staple food in the northern, more drought prone region. Here

Is it eaten in a porridge, or as a fermented drink.

Itis not used as neh as a flour due to the need for more processing, or mechanical
processes where the infrastructure does not exist or the cost is too high, therefore

much of the processing is what can be done domestically, so is typically pounded.
Senegal

Senegal is a wedfrican country with its northern region in the Sahel (a-sub
Saharan steppe biome). The earliest evidence of pearl millet domestication is in
bordering Mali, along the Senegal river, and Senegal hostingigut Sénégalais

de Recherches AgricoledSRA one of the leading pearl millet research

organizations in the region.

Pearl millet is a staple crop for Senegalese smallholder farmers, and is grown on
approximately 800,000 hectares of land, with a national production of 600,000
tons a yearKane et al., 20225enegal and the Sahel is an extremely vulnerable
region to climate change and desertification, and is projected to undergo
significant popudtion growth in the coming decadg®embitzer, 2018) These
factors combine to make food security a severe regional issue, meaning developing

more drought resilient and productive crops is vitally important.

1.5 Studied Species Il: Duckweed
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1.5.1 Description

The dickweedsare a subfamilyof aquatic freefloating angiosperms in the family
Araceae consisting of five gener8pirodela Landoltia Lemna Wolffia, and
Wolfiella. Phylogenetic studies have shown tidblffia and Wolffiella are the
most derived genera, witlspirodelabeing the ancestral (Les et al., 2002)eifh
evolutionary trajectory correlates to a general reduction in both size and
morphological complexity, as observed by Landolt (19863 as shown ifkigure
1-7.

Lemnoideae Wolffioideae

Figurel-7. Morphological variation between duckweed subfamilies Lemnoideae

and Wolffoideae Representatie species of each genus within Lemnoideae:
SpirodelaLandoltig Lemna(left to right). Plants were cleared and stained with
Fluorescent Brightener 28 (calcofluor) following the protocol described by
(Kurihara et al., 2015) and imaged on a Leica TCSo&fésal microscope. Scale

bars: A, B =1000 ym, C, D= 500 pm, E=100 pum.

All species comprise of a frond or thallus (Hillman, 1961), dileaétructure that

Ay Yz2al alLISOASa Ft2Fda 2y GKS ¢l GSNDa a

one incontact with the water (Laird and Barks, 2018).

Spirodela have relatively largefronds ©10 mm diameter)andtypically possess
7¢21 roots per frond (Les and Crawford, 199Bandoltia punctata, formerly
considered part of the genuSpirodelais morphobgically similar t&pirodelaand
usually has 47 roots per frond, but slightly smaller fronds (Les and Crawford,

1999). ForLemna all species comprise of a single root per frond that varies in
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length between species (Landolt, 1980). Lemma also hadisagtivariation in
frond width ©@2¢8 mm diameter), length, and thicknesses. The gemgdiffiella
andWolffia contain the smallest plants, members of both genera are rootless, and
have fronds (< 3 mm diameter). OMéolffia speciesWolffia microscopica,drms

a psuedo root (Sree et al., 2015). Duckweed fronds contain parenchymatic tissue
containing air spaces between the upper and lower epidermal surfaces, with a
large variation in the size and morphology of these air spaces between species
(Landolt, 1986) A feature of the life cycle in several of the duckweeds is the
production of turions. These are frodtdke structures, produced vegetatively by a
parent frond, that are smaller and lacking roots. They are less buoyant and sink
when they become detachedhis is understood to be partly as a result of high
starch accumulation (Xu et al., 2018). In this state, duckweed colonies can
overwinter or survive otheshort-term stresses, such as surviving under ice in
watercourses when frozen, or short term droughtKuehdorf et al., 2014). When
suitable growth conditions return, turions then rise to the water surface, where
they vegetatively produce new individual plants, complete with root arldsize

fronds (Appenroth, 2002).

1.5.2 Vestigiality

Vestigialityis theretention of genetically determined structures that have lost their
original function(Prout, 1964, Fong et al., 1995, Muller, 200R)is is a widespread
occurrence in plantgKnobloch, 1951)and often appears where there has been a
significant developmental change in a different aspect of a plants environment or
lifecycle(WalkerLarsen and Harder, 2001; Sherman et al., 2008; Steiner, 1998).
Investigations of vestigiality thus far have bekngely descriptive and there is
limited understanding of the evolutionary and molecular mechanisms behind

organ loss in plants.
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As the duckweeds morphologically represent multiple points pnreolutionary
trajectory towards rootlessnes@igurel-8), it is suggested that they could be a
powerful tool in understanding this phenomenon, and that the recent
development of duckweed specific genetic toolsayn help unlock this
understanding’Yang et al., 2018; Vu et al., 202@psta et al., 2021)

Wolffioideae —— Wolffia &

Rootless

L worfiela @

Lemnoideae Single root

- - branching

- pericycle

Lemna - aerenchyma

| | cortical cell layers

e
Landoltia

Multiple roots
- branching

- pericycle

+ aerenchyma

Spirodela ; ] | cortical cell layers

Multiple roots
+ branching

+ pericycle

+ aerenchyma

Pistia

Figurel-8. Representative phylogeny of the duckweed genera anidtia

Highlighting the progressive loss of roots of roots and loss of individual root traits
as genera diverge (indicated by + andrrows next to cortical cell layers indicate

the progressive reduatn in layer number as the genera diverge) (after Tippery

and Les, 2020). Representative images (not to scale) of species from each genera
are shown for illustrative purposes.

It is suggested thatluckweed roots have a limited role in nutrient uptake. For
example, Lemnagibba individuals without roots have been observed in their

natural habitat(Hegelmaier, 1868andit has been shown that frond contact with
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media is required to maintain growth, but roots are not necessarily required
(Gorham, 1941; Muhoneat al., 1983) Thoughthese studies don't rule out the
possibility that roots still play some role in resource captitreuggests at least a

diminished or shared role.
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1.5.3 Anatomy

As mentioned previously, duckweed anatomy, particularly root anatomy, has not
received much research attention, and where it has been discusses, it is largely
descriptive of a small subset of species, typic8lprrodelapolyrhizaor Lemna
minor. SincdLardoltia punctatahas been classified as its own monophyletic genus,
there has been no description of its root anatomy. What appears consistent is the
description of a reduced vascular cylinder, comprising of a single xylem, two or
fewer sieve elements, ars8 phloem paerenchyma cells. This is surrounded by an
endodermis, three cortical cell layers, and an epiderfiisn, 2007Echlin, 1981)

with a total absence of lateral roots or root haiflsandolt, 1998)As a primarily
asexually reproducing set of pksnwith a variable lifecycle, it can be challenging

to stage duckweed for consistent sampling. In population level studies this is less
of an issue but proves challenging when seeking to answer developmental

guestions.
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1.6 Aims and objectives

This study aim to develop approaches for high throughput anatomical
phenotyping in order to investigate anatomical traits in monocots and how they
relate to water accessibility. These approaches will be applied in investigating root
anatomy in several species which spa wide environmental and morphological
range (pearl millet, duckweed, maize, brachypodjumorder to survey variation

in root traits and how they relate to function.
This will include:

1 Investigation of duckweed root anatomy and their potential as adeto
family to investigate anatomical traits and vestigialization.

1 Development of a high throughput laser ablation tomography platform to
investigate cereal anatomy and its applicability to other species

91 Develop an automated image analysis platform for raeatomical traits.

1 Phenotyping a collection of pearl millet linder drought tolerance,
architectural, and anatomical traits.

1 Identify root anatomical phenotypes associated with agronomically
relevant characteristics and identify genomic associationh thi¢se traits

in pearl millet
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Chapter Two:
Analysisof Duckweed Root Anatomy
and Vestigialization
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2.1 Introduction

As aquatic monocots, the duckweeds represent an ideal system for investigating
variation in root anatomy in relation tevater; particularly as they have previously
garnered significant periods of research interésillman, 1961; andolt, 1986; Les

et al., 2002; Laird and Barks, 2018; Acosta et al., 20@&1/e several species with
sequenced genomes, and are well suited for daliivation Especially conducive

to this is the successive morphological reduction in the root as species have
become more taxonomically divergent, and have moved further away from their
terrestrial ancestors. This gives us a unique snapshot of the @Esigre of organ

loss over evolutionary time. Studies as far backHagelmaiets of 1868 have
shown that duckweed roots may be dispensable or have minimal function, there is
little experimental validation of whether or not duckweed roots can be considered
vestigial. Furthermore, despite the many benefits of duckweedras@el species,

high throughput methods for duckweed phenotyping are not particularly -well

developed, especially for anatomical traits.

This Chapter presents the work of two papers, investigating anatomy in
duckweeds. The first being a methods paper, digsng current approaches in
anatomical phenotyping techniques in duckweed, and what that has shown, and
expanding on these with the development of novel methods for duckweed
phenotyping, focussing particularly on the utilisation of uCT scanning, anddow t
best use this for duckweed and similar aquatic plants. The seassek the
developed techniques to investigate anatomical structural reduction in duckweed

and how they accompany the loss of functions of the root system.
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2.2 Aims

2.2.1 Phenotypingmethods development

The first aim of this work is to develop phenotyping tools for growth, morphology

and anatomy to bring what is achievable in duckweed phenotyping up to par with
other model species. While research into duckweed is a growing fieldh#sis
fFNBEStfe F20dzaSR 2y I NBS ao0FtS aFAStRE
investigation, with relatively few tools available to address developmental biology.
Techniques developed include growth imaging, anatomical analysis via sectioning

anduCT XRay imaging, uptake studies, and transcriptomics.

2.2.2 Root vestigialization

It is challenging to definitively characteriadeature asvestigial as there may be
many ancillary roles or benefits an organ provides, however in order to determine
if the sdient function of the organ is lost, a range of techniques used. For
almost all angiosperms, a primary function of roots is to supply water and nutrients
to the growing plant, sustaining growth of the aboveground tisqiBes/ce, 2005)
Typically,where salient function has been lostygans undergo accompanying
reductions in size and complexitfherefore duckweed root anatomywill be

investigated alongside function.

Anatomy

Once validated, these tools will be used donduct a survey of rooted duckweed
species and close relatives in order to characterise the variation present in root
anatomical traits in our collection and develop an understanding of whether
anatomical traits are part of the trajectory of vestigialibn seen in the
morphology. With this data it will then be possible to identify correlations between

traits present in roots and indicators of root function.
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Root Function

Past experiments have shown that the roots and fronds of duckweed have
acquired different function roles to those of their ladsed relatives. For
example, Gorham (1941) demonstrated thatLiemnaminor frond contact with
water was required for normal gwth, and Muhonen et al (1983) found that
Spirodelgpolyrhizawas still capable of growth following removal of roots. Though
these studies imply that roots may not be required for normal growth, they do not
explicitly test the capacity of duckweed roots for resource capture. Furthermore,
recent studies show that botmoots and fronds have the capacity to acquire
nitrogen in bothLemnaminor and Landoltiapunctata complicating the picture
(Cedergreen and Madsen, 2002; Fang et al., 2007). To better resolve this,
systematic approaches testing the effect of root excisiangrowth and nutrient

uptake are required.

Nutrient transporter expression

In Arabidopsisthaliana, a landbased plant with a root system that has well
characterised functionality, the expression levels of transporters such as
phosphate transporter 1(PHT1;) increases under low phosphate conditions
(Muchhal et al., 1996)Investigating whether or not duckweeshows a similar
transcriptomic response to this treatment will add a molecular perspective to
duckweed root vestigialization. This will be further supported by investigating the
level of tissue specificity of nutrient transporter expression across theayblant,

and comparing this to plants with well characterised root function.

Model for vestigiality

Each of the experimental approaches outlined above, using the developed
phenotyping methods, will go towards addressing whether or not duckweed roots

fit the hallmarks of vestigiality. This characterisation will be novel and interesting
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as and of itself, though will also validate the use of duckweed as a toolkit to
investigate loss of root traits, root function, aquatic adaptation, and vestigiality as

a whok.

2.3 Materials and methods

2.3.1 Duckweed growth and culture

Plant Material

All duckweed stocks used in this experiment were obtained from the Landolt
collection, ETH Zurich (http://www.duckweed.ch), except $mirodelapolyrhiza

lines 9509 and 7498 which were provided by Klaus Appenroth, Friedrich Schiller
University, Jena. Fouligit numerical codes following species names refer to their
Landolt accession numbePRistia stratiotes was obtained from JAM Aquatics,

Wrexham, UK.

List of Lines

Table2-1 List of duckweed andPistialines used and provenance

Supplied By ETH no Country Region Genus Species
ETH 7760 Australia South Australia Landoltia punctata
ETH 0049 China Sichuan Landoltia punctata
ETH 7339 Burundi Lemna aequinoctialis
ETH 7922 Argentina Buenos Aires Lemna gibba
ETH 9250 Finland EtelaSuomi Lemna japonica
ETH 7123 Canada Saskatchewan Lemna minor
ETH 7123 Canada Saskatchewan Lemna minor
ETH 8389 South Africa Transvaal Lemna minor
ETH 9260 Italy TrentinoAlto Adige Lemna minuta
ETH 8539 USA Virginia Lemna perpusilla
ETH 9243 Vietnam Ca Mau Lemna tenera
ETH 7192 Uganda Kigezi Lemna trisulca
ETH 9109 Poland Podlaskie Lemna turionifera
ETH 7005 USA Florida Lemna valdiviana
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ETH 9208 Bolivia La Paz Lemna yungensis
ETH 7820 Paraguay Formosa Spirodela intermedia
KA 9227 Spirodela intermedia
KA 9509 Mozambique Maputo Spirodela polyrhiza
ETH 9192 Colombia Cordoba Spirodela polyrhiza
KA 5543 Spirodela polyrhiza
KA 7498 Spirodela polyrhiza
5684 Wolffia arrhiza
8324 Wolffiella lingulata
JAM Pistia stratiodes

Stock Cultivation

Stocks of all lines used were maintained on various size flasks of lignetiMd or
Schenk & Hildebrandt media ($hedia; Appenroth et al., 1996) at 120 umoFfist

light intensity and 16/8 h light/dark cycle in a Conviron growth chamber, set to 22
°C with 70% RH.

N media: KlPQ (60uM), Ca(Ng). (1 uM), KN@(8 mM), MgS®(1 mM), HBQ (5
MM), MnC} (13 pM), NaMoO4 (0.4 uM), FEEDTA (25 pM)

SH Media: Ammonium phophate monobasic (2.6 mMEalcium chloride
(anhydrous) (1.4 mMMagnesium sylhate (anhydrous) (1.6 mM)Potassium
nitrate (24.8 mM)Boric acid (80 uM)Cobalt chloride-6 #0 (0.4 uM)Cupric
sulfate-5 HO (0.8 uM)EDTA acid, N& RO (54uM), Ferrous sulfate-7 1 (54
HUM), Manganese sphate- HO (59 uM)Molybdic acid (sodium salt)-2>@ (0.4
HUM), Potassium iodide (6 pMZinc sulfate-7 #D (3.5 uM)Sucrose (58.4 mM).
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Cultivation for Anatomical analysis and phenotyping development

Plantswere grown in 250 ml conical flasks containing 150 ml of liqumedia in
the same conditions as stocks. Flasks were inoculated with &lonies from the

stock collections and grown for3 weeks.
Cultivation for root removal

Plants were grown on 10@l of SH media in 500 ml flasks, seeded initially with 3
colonies per flask grown under same condition as stdesRistiastratiotes each
flask was seeded with a young individual plant with 3 emerged leaves visible to the

naked eye.
Cultivation for lov P treatment

Three fronds oSpirodelgolyrhiza 950per flask were seeded into six 250ml flasks
containing 100 ml Mnedia. After 7 days of growth media was removed and
replaced with fresh media to ensure replete conditions. After 10 days of growth

media was replaced, in 3 flasks with regulamidia and in 3 Nnedia made

without KHPQ and plants and flasks were rinsed thrémes with this media.

Plants were then grown for an additional 24 hours.
Cultivation forRNA extraction

Spirodelgpolyrhiza 950%vas seeded into 500ml flasks containing 150 amhé&tia
and grown for 14 daysAfter 7 days of growth media was removed anglazed

with fresh media to ensure replete conditions.

2.3.2 uCT anatomical protocol development

Embedding methods comparison

Petrolatum embedding was compared to three alternate methods for suitability in
YEAYUGFErAYyAy3d FTNRYR ail0AARE&E RdNEyAYET € |
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methods have used small, seale¢hamber (Furuya et al., 2019; Kunishima et al.,
2020) in order to reduce desiccation of the samples during scanning. This
established method, along with keeping duckweed imBbidia, and embedding

them in Nmedia solidified with agarose, was tested.

To determine sample stability, fronds were imaged with a digital camera at O h, 1
h, and 6 h after preparation (so as to ensure stability exceeded the typical scan
time of 1¢2 h), with the area of eachrdnd measured at each time point, and

observations were made of changes in position and condition of frond over time.

For each treatment, two 24 well trays containing 16 individual plants were
prepared according to the different methods and stored undemditions similar

to those used in the CT scanner, between imaging intervals.

For plants in air (sealed chambers), plants were removed from media, dried gently
on blotting paper, placed individually in wells, imaged, and then covered with
laboratory film (Parafilm, Bemis) and stored in darkness until further imaging;

Parafilm was removed before and reapplied after imaging.

For liquid media, 2.5 ml of-Media was pipetted into each well, and an individual
frond was transferred into each welPlants were immediately imaged, covered
with Parafilm and stored in darkness until further imaging at 1 and 6 h, when

Parafilm was removed before and reapplied after imaging.

For embedding in solidified media, agarose (1% w/v) was added-rteedia,

autodaved, and allowed to cool to 55°C in an incubating oven. 2.5 ml of this molten
agarosemedia was transferred to each of 32 wells, and individual plants were then
added to each well. Wells were surrounded with ice water, then an additional layer
of 0.5 mlof agarose was applied to each well to cover the plants. Trays were

imaged, then stored weovered in darkness until further imaging at 1 and 6 h.
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For petrolatum embedding, plants were dried, rinsed in mineral oil, dried again,
then transferred to wells lied with 2.5 ml of molten petrolatum, wells were
surrounded with ice water, and a minimal amount of petrolatud0(@2 ml) was
then applied to the surface of each frond to cover them completely. Trays were

imaged, then stored weovered in darkness until filher imaging at 1 and 6 h.

Frond area at each time point was measured using the magic threshold wand tool
in FIJI (Schindelin et al., 2012), and percentage change in area was calculated in
Microsoft Excel. Observations were also made at each time intefvedlative
position of frond in well, and any changes in condition or appearance of fronds.
The frond area at each time point was analyzed in Prism 8 (GraphPad) using a two
way analysis of variance (ANOVA) with a Tukeys multiple comparison test, with an
n = 32 and g value of 0.05. Percentage area change of fronds over time was

calculated in Excel and graphed in Prism 8.
Optimisation of petrolatum embedding

To prepare samples forMl} & >/ ¢ aOlyyAy3as LIXlyda oSN
petrolatum inside ofmodified syringes(Figure 21). This is a novel method
developed specifically for uCT scanning duckweed, so thorough validation was
performed,and the functionality tested by assaying a range of anatomical features

in duckweed.
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Figure2-1. Preparation and embedding of plant material fuCTscanning (AcG)
Rooted plant preparation aneimbedding; A, B Prepreparation of plant material;

(A) Plant transferred by petrolatum coated inoculating loop to blotting paper. (B)
Plant rinsed in mineral oil then transferred to blotting.c(® Rooted plant
embedding (C) Syringe barrel cap cut andoged, and barrel two thirds filled with
molten petrolatum. (D) Plant transferred to syringe with loop and allowed to
partially solidify. (E) Additional molten petrolatum added to barrel, covering plant.
(F) Syringe transferred to ice bath. (G) Syringengedd, and petrolatum core
trimmed to region of interest (ROI). (@) Rootless plant embedding and
preparation; H, ) Prepreparation of plant material; (H) Plants removed from
media and transferred to blotting paper, (I) Plants rinsed in mineral oil and
decanted to blotting paper. (D) Rootless plant embedding (J) Syringe barrel cap
cut and removed and cut in half along barrel length, two thirds filled with molten
petrolatum and allowed to cool. (K) Small plants pressed gently into petrolatum
with inoculaing loop. (L) Plunger replaced and barrel resealed with microporous
tape. (M) Remainder of syringe filled with molten petrolatum. (N) Petrolatum
allowed to solidify, cooling in ice bath. (O) Syringe plunged and petrolatum core
trimmed to ROI.
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Two difierent approaches were used depending on whether embedding rooted or
rootless plants(without roots, more plants could be embedded in a smaller volume

of petrolatum and imaged together, increasing throughput).

The following protocol, once components haveehgrepared, took approximately
3¢5 min to prepare a core with a rooted sample embedded, ag®Irin to prepare
a core with between three and nine rootless plants embedded. Unless specified,

all steps were carried out at room temperature.
Plantpreparation

Different embedding methods were used depending on the size of the sample and
the presence or absence of roots, however, the-preparation method used was

the same for all sized plants; plants were removed from media using a petrolatum
coated inoculating loop (to avoid physical damage to the frond), and dried of
excess media by placing on blotting paper and patted ligkityufe2-1). Samples
were then tansferred to mineral oil, and shaken gently, to remove any remaining
media and reduce cohesion between roots (where applicabpre2-1B). Rooted
samples were trasferred to blotting paper using an inoculating loéjigure2-1A),

and rootless samples were decanted with the oil directly onto the blotting paper.
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Rooted Plant Embgding

A total of 50 ml of petrolatum was decanted into a 100 ml glass beaker, and placed
in a 55°C incubation oven until molten this was then stored at the same
temperature until use. Syringes (3 ml Sa#ict HSW) were prepared by raising the
plunger anctutting the barrel tip off with a razor blade at the shoulder thus leaving
just the uncovered open barrel cylinder. Petrolatum was then poured from the
beaker into the syringe until two thirds full of molten petrolatum (FiguréQ.

Until use, filled syrniges were stored at 55°C. Fpeepared plants, were then
transferred to the molten petrolatum and agitated lightly to separate the roots and
dislodge any trapped air (Figure 2 1D). When the petrolatum had solidified enough
to hold the frond in place (appwximately 30 s), the remaining third of the syringe
barrel was filled with molten petrolatum (FigurelE). The syringe was then placed

in an iced water bath until the petrolatum core containing the embedded
duckweed was fully solidified>@ min; Figure 21F). Once the core was solid, the
plunger was depressed, expelling the core which was then trimmed using a razor
blade to minimize the regions without sample included for ease of alignment when
scanning (Figure-2G). The prepared core was therotd in an ice bath until

ready for use.

Rootless Plant Embedding

Petrolatum was prepared as in the previous section. The tip of the syringe was
removed, and the barrel bisected along the vertical axis and then taped
(microporous tape) along the end ofdfnalf barrel. One half of the barrel was then
filled to two thirds full of molten petrolatum and allowed to solidify (Figur&.
Preprepared samples were then partially embedded by gently pressing the fronds
horizontally with an inoculating loop intthe soft petrolatum (Figure-2K). This
should only be done enough to secure the frond in place, while ensuring the frond

Is not pressed hard enough to push the frond through the petrolatum and in
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contact with the plastic of the syringe. The syringe wamntheassembled around

the plunger and fastened with micropore tape to seal the seams (Figlitg.Zl'he
remaining volume of the syringe barrel was then filled with molten petrolatum by
pouring down the unfilled side of the barrel (FigurédlZ). Once the peolatum

was partially set (Figure-2N), the syringe was cooled in an iced water bath as in
Figure 21F until the petrolatum core had fully solidified. The plunger was then
depressed expelling the core; this was then trimmed by hand to the region of
interest (Figure 2LO). The prepared core was then stored in an ice bath until used.
In the case of samples < 3 mm the same process was applied using Falcon
Sterological Pipettes (1 ml) instead of the syringes, this allowed for less petrolatum
interference dumg scanning and the ability to achieve higher scanning resolution

due to smaller sample width.
HCT Scanning protocol

Each specimen was scanned on a Phoenix Nanotom 180 high resoluigrCX
system, (Baker Hughes Digital Solutions GmbH, Wunstorf, Gejrmanihe
Hounsfield Facility, University of Nottingham, United Kingdom. Cores extruded
from syringes samples (Figur€B) were mounted on a 10 mm diameter rod using
the petrolatum drawn from the edge of the core to hold it in place during the scan

on therotation stage (Figure-2C).

A ¥ ¥ A x>

Figure2-25 dzO1 4 SSR SYOSRRSR Ay LISUGUNRCE I @dzy O2 N
X-ray detector panel Hamamatsu CMOS Flat Panel (C7RERSKB) Petrolatum
core, (C) Rotation stagéD) Xray tube (Source).

Cores prepared in the serological pipettes were scanned directly by placing the

tube within the rotation stage. The scan parameters were optimized to allow a
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balance between a large field of view and a high resolution (which was dependent

on the genera) wh the aim to also provide good contrast between petrolatum,

plant material, and gas air filled pores. Each sample was imaged using a fast scan
LIN2 OSRAzZNBE 6AGK | @2t dF3S FyR Odz2NNByid 27F
size resolution of between@®Py >Y ORSLISYRAYy3I 2y (KS =
preparation size), with the specimen stage rotating through 360 degrees at a
rotation step increment of 0.25 degrees over a period of 39 min, producing a total

of 1,440 projection images by averaging three framéth \&n exposure of 1,500

ms each, at every rotation step. These settings were optimal in providing the data

for high throughput analysis, longer settings can also be used should there be a
requirements for better image quality by changing the scan settiogsclude

more projections, increase image timing and increase the number of images
captured (average/skip) for each projection to reduce movement in the sample

during the scan examples of such setting are shown in Fig@re 2

Table2-2 Standard scan settings used for embedded duckweed cores (of different

genera) used at high throughput and an example of high image quality settings.

X-Ray energy  X-Ray current Projection Detector Image Image skip Resolution Scan time
(kV) (nA) images timing (ms) averaging (wm) (min)

Standard 70 100 1440 1500 1 0 0.8-6 39
settings

Long scan 75 120 2440 750 3 2 0.8-6 120
example
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Each scan was then reconstructed using DatosRec software (Bagkes Digital
Solutions GmbH, Wunstorf, Germany). Radiographs were visually assessed for
sample movement before being reconstructed in-li6 depth volumes with a
beam hardening correction of 3. An inline median filter was applied to reduce noise
in the mage. Reconstructed volumes were then post processed in VG Studio MAX
(version 2.2.0; Volume Graphics GmbH, Heidelberg, Germany) see Image

Processing.
2D image data analysis: ImageJ

Two-dimensional (2D) image stacks were exported in three different prajest

XY, zX, and YX from VGStudioMAX (version 2.2.0; Volume Graphics GmbH,
Heidelberg, Germany) from the raw CT data. Image stacks created from
VGStudioMAX were exported at resolution thickness 0fc0.8> Y RS LISY RA y 3
the genera. Different traits witin the duckweed were easier to visualize depending

on the image plane XY (top down) was best for visualizing gas space
interconnectivity and root structure. Whilst ZX (front on) or YX (side on) are best

to visualize cross sections along the length of ttwad such ag-igure 23.Fand

that shown inFigure2-3.
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Figure2-3. Two-dimensional (2D) slice Image segmentation procedu@arried

out in ImageJ, step instructions using ImageJ process commands. The starting point

(A) is anB-bit image, or image stack (referred to interchangeably as iha(g

Gaussian Blur 2.5 pixel sigma radius (2) ThreshalBb0 Invert (3) Fill Holes, Open

(4) Analyze Particles (Pixel size:1@080 / A NJgHzShonWMasR) (Sninvert,

Dilate, Close, Fill Holes, Erode (6) [((B)AdH] X)) Threshold 22255; Analye

Particles 3@nfinity, Invert (8) Threshold 12@24, Invert (9) Threshold¢l125,

Invert (10) AH (11) Al (12) (A: InvertW 6 Mo 0 aSNHS [/ Kl yy St ay
aSNBS / KFEyyStay /uHo3daNBSyo I W[ QT o6mMpl0 a
given ae suggested for described scan settings.
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As within VGStudioMAX, the image stacks were segmented using the greyscale
distributions (linked to Xay attenuation and thus relating to the density of the
material) into different categories: plant tissue, gpsfrolatum, and high density
regions (thought to be starch deposits based on measurement of particle size
(Pankey et al., 1965), following the procedure in Figure 2 3. The image stacks
(referred to interchangeably with image) were loaded into FIJI; theoathed

with a Gaussian Blur (2.5 pixel sigma radius) to reduce noise (Figure 2 3,1),
thresholded (@155) and processed using ImageJ binary processing tools (Invert,
Fill Holes, Open, Analyze Particles (Pixel size:6000 / A NJQHzBhovinMaske n
Invert, Dilate, Close, Fill Holes, Erode) to create an overlay mask containing all plant
material and minimal petrolatum or gas outside the plant (Figure Z=3,Ahis was

then inverted and removed from the blurred image, leaving only the features of

interest Figure 2 3, ).

The features of interest (Figure 2 3G) were then manually thresholded, using eight
bit image stacks, to different levels to create masks for the desired categories, for
example applying a threshold of125 created a mask for enclosed gamces,
126¢224 for regular plant tissue, and 22255 for the high density tissue (believed

to be the starch deposits). These values can be adjusted to suit the specific image
parameters and better align with observed features as required. Full automated
thresholds could be applied when processing multiple samples of a similar size. Full
set up of this procedure took approximately 10 min, to adjust for variation in
threshold values, then subsequent use took under a minute to run for each scan

image stack.
3D image data analysis: VG Studio Max

Reconstructed volumes were post processed in Volume Graphics Studio MAX
(version 2.2.0; Volume Graphics GmbH, Heidelberg, Germany). Samples were
initially assessed to determine if further filtering was required to reslumage

noise. An adaptive gauss filter (smoothing = 1.2, Edge Threshold = 1, Iterations = 1,
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multiplier = 1) was applied to the data set to reduce the noise and help with image
segmentation if this was required. Segmentation was then performed using
surface determination and region growing tools. By selecting greyscale tolerances
(determined by sample density andray attenuation) a selection of just plant
material could be achieved. This selection could then be saved as a region of
interest (ROI), andhen following the same procedure, be added to using the
region grower tool until the whole plant was selected. The ROI smoothing function
of 1 was used to reduce noise artifacts before rendering as a 3D model which
rotated and clipped to visualize specifregions and structures within the
specimen. While largely dependent on processing power of the hardware used, the
manual steps of this method took under 5 min to segment a single region of

interest.
Validation of CT scanning & Turion composition analysis

All sunken turions were collected from a colony of S. polyrhiza 9509, 2 weeks after
inoculation. Of the turions at the bottom of the flask, half were transferred to 50
ml fresh media in a 50 ml falcon tube and stored at 4°C in constant darkness for 8
weeks The remaining half were transferred to fresh media in a new flask under
standard described growth conditions for the same time period. From the new
flask, three turions that were floating at the surface of the media, and three that
remained sunken at théottom of the flask were collected. Additionally, three

turions from the cold treated set that were not floating were also collected.

All plants were prepared following the rootless plant protocol and scanned using
0KS FlLrad aoly >/¢ aSiiAaAy3daa RSaAONAROGSROD
described 2D pipeline in FIJI. Post segmentation, analysis was carried out to
determine the pecentage composition of each turion based on the three

categories of plant tissue, gas, and hidgnsity tissue. Total area of each group of
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was measured for each image stack in FIJI. Based on the known high accumulation
of starch inSpirodelaurions, thesize of starch granules in turions, (Xu et al., 2011),
the high density of starch, and comparison with iodine stained turions, the- high
density regions on the scans are likely to be starch deposits. However, other
structures have been identified in duckee fronds that may cause a similarly
increased level of Xay attenuation, such as calcium oxalate or tannin deposits
(Mazen et al., 2004; Xu et al., 2018). While iodine staining for a greater duration of
time shows that there is starch present throughdbe turion, measuring these
larger presupposed starch deposits may be a useful proxy for total starch content.
To determine turion composition, following measurement of image staekgife
2-3H-J) in F1JI, total area of each measured component of turions was calculated in
Excel, and percentage composition was calculated and graphed in Prism 8,

statistical analysis was not performed due to small sampke. si

2.3.3 Histological anatomical protocol development

Root embedding for sectioning

The sectioning method presented by Atkinson and Wells (2017) was adapted to
better suit the specifics of duckweed anatomy. Polypropylene 15 ml conical
centrifuge tubes (Fisherctntific) were cut perpendicular to the length of the tube
into 5 cm lengths of uniform cross section. Micropore tape was used to seal one
end of each of the lengths of tube, which were then filled with 5 ml of molten
agarose (5% wi/v), and allowed to cdol 39°C. Plants were then removed from
media with an inoculating loop, dried of excess media on filter paper, and then

submerged in the agarose.

When embedding plants for root sectioning, for blocks with multiple roots it is
desirable for these to be pallel to each other so they can be sectioned in the same
plane. To achievehis, it was best to hold plants with forceps by the frond,

submerge them fully in the agarose to the bottom of the tube, and slowly pull the

fronds back toward the surface, whichgned the roots beneath the frond.
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Blocks were trimmed by hand at the base prior to mounting to position the sample
perpendicular to plane of the desired section. For sectioning a vibrating microtome
(7000smz2, Campden Instruments, Ltd.) was used, witleetion thickness of 150

>YX o0fFRS &ALISSR 2F M YYka FyR FNBIldsSSyoOe

Imaging

Sections were stained in fluorescent brightener 28 (calcofluor) solution (0.3 mg/ml)
for 1 min then rinsed in RO (reverse osmosis, distilled and autoclaved and sterile)
water for 1 min before imaging on a confocal laser scanning microscope (Leica
SP5). This was done using a 405 nm diode laser at 6% and hybrid detector with a
range of 44Q450 nm, gain of 15%, and pinhole of 0.5 AU. Basic fuchsin staining
was conducted follomg the same procedure, at a concentration of 0.01%
following sectioning prior to calcofluor staining, and imaged using-rs61
excitation and detected at 62830 nm on a hybrid detector at a gain of 50%, and

pinhole of 1 AU.
Frond sectioning

Frond embedding was conducted similarly to the procedure for roots. The number
of plants embedded per block was variable and depends on the number of roots
per frond. For multrooted species §pirodelaspp., Landoltia punctata), one
individual pertube was embedded to prevent sample coalescence. For single
rooted (Lemnaspp.), &5 plants were embedded per tube, and for rootless plants
(Wolffiellaspp.,Wolffiaspp., turions), 120 plants were embedded in a 5 ml block.
Embedding multiple plants pdslock increases the potential throughput of this

method, however, can reduce the stability of the block during sectioning.

To avoid damage to embedded fronds, plants were handled by the root, or Pasteur

pipette and inoculating loop for rootless plantsokRds were submerged in the
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agarose, and to prevent fronds resurfacing after embedding, they were embedded

as the surface of the agarose was setting and monitored until set.

The same sectioning protocol was used for fronds as roots, however for some
samplesthe section size was increased to 250um to decrease sample attrition
rates. For confocal imaging for anatomy, fronds were stained and imaged using the

same protocol as roots.

To image starch content and distribution in fronds and turions, sections were
prSLI NBER a F1020S> KSYy alulAySR ¢6A0K RAfd

for 1 min in RO water, and imaged on a dissecting brightfield microscope (Zeiss).

2.3.4Whole population area imaging

Imaging

To image whole flasks for population level growthpesiments in a high
throughput manner, a special imaging chamber was constructed. A watertight box
with a transparent base and translucent sides was positioned over a digital camera
to enable flasks to be imaged from below. Flasks were transferred todkeand

the box was filled with RO water to meet the water line in the flask so as to correct
for the optical distortion of the flask. Two layers of filter paper were placed over

the top of the box to provide a neutral backdrop for the flask and diffug#ihg.
Measurement

To analyse images from the imaging chamber, image sequences were loaded into
FIJI, cropped to the region of interest and scaled to the reference target in the
image. The blue channel was then isolated, subject to a 2 px radius gabksian

and thresholded. The threshold was set to isolate just the fronds in the image, and
required adjusting for each imaging session due to variation in ambient light level.

Images were then measured using the particle analysis tool in FIJI.
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For Pistig images were again split into RGB channels, but the red channel was
retained. This was then subject to gaussian blur 7 px radius and again only the
aerial tissues selected using the threshold tool. In rooted samples where this alone
was not sufficient to sgarate frond and root, the select polygons tool was used to

exclude any additional root captured by thresholding.
2.3.5Clearing

Plants were clearedFigurel-7) based on a slight modification of the ClearSee
procedure described by Kurihara et al. (2015). As fluorescent markers were not
being used, plants were fixed overnight in ethanol and aceidt @1 v/v) rather

than paraformaldehyde, as this reduced the toxicity and requirement for vacuum
infiltration, which can be damaging to the air spaces. Plants were then rinsed three
times in RO water and left for 30 min, then RO water was replaced \atdr$ze
solution (Kurihara et al., 2015) and left to clear for 2 weeks. Prior to imaging, plants
GSNBE adlFAYySR FT2NI m K gAGK OFfO2Ffdz2NJ AY
ClearSee for 1 h. Imaging was carried using a confocal laser scanning rperosco
(Leica SP5), using a 405 nm diode laser at 12% and hybrid detector with a range of
440c450 nm, gain of 25%, and pinhole of 0.5 AU.

2.3.6 Vestigiality analysis methods

Root anatomical analysis

Plants were sampled betweendlweeks of growthPlants were seléed with

roots of average or greater length, and fronds of average or greater area based on
visual appraisal detailed above. For each line, ten individual plants were embedded
and sectioneds per2.3.3 and 510 root sections collected per plant, and sections
were stained and imaged as per Sectib8.3 For a subset of lines, sections were

additionally stained with basic fuchsin at a concentratioh ©@.01%. A
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representative image of a single section per plant was selected and measured using
FIJ(Schindelin et al., 2012¢ells were classified into layers in concentric rings from
the endodermis outwards. The diameter of each layer was measured, as was the
number of cells in each layer, along witie diameter of the endodermis, number

of endodermal cells, and number of cells in the stele.

A single image section per plant was selected based on quality and representation,
then measured using FIJI. Cells were classified into layeohaentric rings from

the endodermis outwards. The diameter of each layer was measured, as was the
number of cells in each layer, along with the diameter of the endodermis, number
of endodermal cells, and number of cells in the stele. Diameters were megsur
using the ruler tool. At each layer, diameter was measured from 5 points around
the circumference of the layer, measuring the maximum distance between points
on the layer, then the mean was taken of these 5 points for each layer. Epidermal
cells had poo dye penetration, and a reduced fluorescence on the confocal

microscope, and so could not be reliably counted.

Root removal treatments and imaging

For the root removal experiment, plants were grown in SH media. For the control
treatment, no manipulation \&s undertaken. In the root removal treatment, all
visible roots (typically less than 1mm) were removed from colonies daily using
ethanol sterilised surgical scissors. Bpirodelgoolyrhizaand Lemnaminor, each
treatment consisted of five individual fles, each seeded with 3 colonies onto 100

ml of media. Individual flasks were treated as a replicate and flasks were arranged
randomly in the growth cabinet and4@andomized daily. Fd®istiastratiotes each

flask was seeded with a young individual plasth 3 emerged leaves visible to the
naked eye, to a total of 7 plants/treatment. The treatment regimen was conducted
for 11 consecutive days. Plants were imaged daily using the described flask area

measurement protocol.
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Root reduction and wind speed enwvinmental interaction

To investigate the role of the root in affecting the interaction of the plant with its
environment roots were trimmed to set lengths and the plants were subjected to
an artificial wind treatment. The experiment was setup was in ax@Iw x 15 d

cm open top tank, filled to the brim with tap water, with a domestic home fan set
to an operation speed and positioned a distance from the tank as to create a
continuous air current of 10 m/s (measured witha@memometej, consistent over

the area of the tank.

Threerepresentative individual duckweed fronds of average size, without visible
daughter fronds, and with roots longer than 40mm were selected from a flask of

Lemna mino®505

Roots were trimmed to a starting length of 40mm, there at a time plants placed

Ay GGKS aFly2G6eLAy3¢é aSit dz2r p OY gl @
They were held in place with forceps, and then released next to a ruler at the same
time as the starting of a stopwatch, the time taken for therplto travel I5cm was
recorded, and this was repeated 5 times for technical replicates, and this was
repeated for each of théhree selected plantsThe roots were then sequentially
trimmed by 5mm increments, and the measurements were repeated, down to

Omm ofroot.
Root removal ionomend nitrogen content analysis

Samples were harvested immediately following the root removal experiment. Prior
to harvesting, roots were removed from fronds or aerial tissues and washed 3
times for 2 minutes with MilliQ water. Sagtes were placed in preveighed Pyrex

test tubes, and dried at 88°C for 24h. Then, dry weight was recorded, and 1 ml

concentrated trace metal grade nitric acid Primar Plus (Fisher Chemicals) spiked
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with in internal standard was added to the samples thateviurther digested in
DigiPREP MS dry block heaters (SCP Science; QMX Laboratories) for 4 hours at
115°C following the method adapted from Danku et(2013. After digestion,

al YL S& 6SNB RAf dzi SR G@Direciwaterfand @lémieta my O H
analysis was performed using an B, PerkinElmer NexION 2000 and twenty

three elements were monitored (Li, B, Na, Mg, P, S, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu,
Zn, As, Se, Rb, Sr, Mo, Cd and Pb) but only the 14 elements present in our growth
media weresubject to downstream analysis. To correct for variation within each
ICRMS analysis run, liquid reference material was prepared using pooled digested
samples, and run after every nine samples. Sample concentrations were calculated
using external calibrédn method within the instrument software. Further data
processing including calculation of final elements concentrations was performed

in Microsoft Excel. For nitrogen content analysis, samples were freeze dried
overnight, weighed and packed into tin fpibuches before analysis with a FLASH

2000 CHNS/O analyser.
Low P treatment analysis

After 24 h growth in low Phedia and regular N media, approximately 10 colonies
per treatment were collected, washed twice with -tnised water. Fronds and
roots were gparated using surgical scissors and flash frozen in liquid nitrogen prior

to RNA extraction.
RNA extraction and sequencing

Spirodelgpolyrhiza 950%vas seeded into 500ml flasks containing 150 amhé&dia

and grown for 14 days. Media was removed aaglaced after 7 days to ensure
replete growth conditions. Plants were harvested and divided into 4 tissue types:
mature frond, mature root, meristem zone and root tips, with 4 separate biological
replicates (grown in different flasks) for each tissue typamples were stored in

RNAprotect at 4°C until extraction 7 days later. Tissues were ground in liquid
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nitrogen and RNA was extracted using TRIZOL followed by binding and washing

with Qiagen RNeasy columns. RNA was frozeBQEC until sequencing.

RNA cacentrations were measured using a Qubit Fluorometer and the Qubit RNA
BR Assay Kit (ThermoFisher Scientific) and RNA integrity was assessed using an
Agilent TapeStation 4200 with an Agilent RNA ScreenTape Assay Kit (Agilent). For
each sample, cDNAwas ghNJ G SR FNBY Hwpn y3a 2F G20l €
MRNASeq library prep kit (Lexogen). Indexed sequencing libraries were prepared
using a Lexogen i7 6nt Index Set (Lexogen). Libraries were quantified using a Qubit
Fluorometer and the Qubit dsDNA HS KithermoFisher Scientific). Library
fragmentlength distributions were analyzed using an Agilent TapeStation 4200
and an Agilent High Sensitivity D1000 ScreenTape Assay (Agilent). Libraries were
then pooled in equimolar amounts and final library quantifica performed using

a KAPA Library Quantification Kit for Illumina (Roche). The library pool was
sequenced on an lllumina NextSeq 500 using a NextSeq 500 High Output Kit v2.5
75 cycle kit (Ilumina), to generate approximately 5 million 75bp siagtereals

per sample.
RNAsequencing data analysis

Reads from each sample were mapped to sorted alignment files against the
genome ESpirodelapolyrhiza9509 (oxford_v3)) using bwa mem (Li, 2013) and
samtools (Li et al., 2009). Alignments were processed with bedtools (Quinlan et al.,

2010) to bed format using bamtobed and then using merge into regions, and
retained only if the merged region contained mahan 5 reads and was more than

1 read long. Bed files were concatenated and sorted and reads were assigned into

I 3SyYyS&a dzylyy2GFG§SR 0Q! ¢w dzaAy3d o0SROG22f 3
a 150bp (one read) overlap distance, stranded. Read clustens used to extend

GFF CDS features which were extracted into a fasta file, combined with genome
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decoys and quantitated with salmon (Patro et al., 2017). Differential expression
analysis was performed on the quantitated read counts in Rstudio using the
package DESeq2 (Love et al., 2014).

For Spirodelatissue specificity calculationsnormalized counts from thefour
biological replicates were exported from DESeg2 and input into the TSPEX
calculator set to logransform input values and calculate tissspecificity index,

TSI (https://tspex.lge.ibi.unicamp.br/). FArabidopsiscount data were extracted
from the travadb (Camargo et al., 2020) database@salizedread counts from

the DESeq?2 data source, using the tissue types L.LAMaf blade of the gung

leaf; M1- SAM at 7 days after germination: Root without apex; R.ARoot apex.

For Zea mays normalized counts (FPKM) were obtained from qTeller
(https://qgteller.maizegdb.org) using the tissue typeLrown RootNode4 V7;
CrownRoot_Nodes_1 3 V7 ; V5 Shoot_tip ; V7_Bottom_of _transition_leaf. Data
for both species were input into TSI in the same manner as SuigholyrhizaTSI

values were then plotted as a heatmap in giRad PRISM.
Orthology analysis

For the genome wide identification of N and P transporterSpirodelgpolyrhiza

the phylogeny construction framework outlined in Mutte et al., (2018) and Mutte
et al., (2020) was used. In brief, protein sequences of knowndad highaffinity
nitrate and phosphate transporters of plant modArabidopsisthaliana were
obtained from TAIR{tps://www. Arabidopsisorg). This included 9 phosphate and

52 lowaffinity and 7 higkaffinity nitrate transporters Spirodelgpolyrhizaprotein
sequences (version 2; Wang et al., 2014) were downloaded from Phytozomel3
(https://phytozome-next.jgi.doe.goy and Zea maysprotein sequences (B73
reference NAMb.0_Zm0000leb.1) were downloaded from MaizeGDB
(https://lwww.maizegdb.org/assembly). BLAST database #or thaliang S
polyrhizaand Z. maysg SNBE 3 Sy S NinakéblBstdiiza ¥ ¥ R dzWS Ay

+v2.9.0 [ittps://blast.ncbi.nlm.nih.goy. Protein sequences froMrabidopsisvere
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used to querySpirodelaand Maize blast databases independently for each
transporter family using BLASTp. We used 0.01-ea e cutoff to filter BLAST

hits. The protein sequences of filtered BLAST hits were run through the
InterproScan database (ver5&86.0;http://www.ebi.ac.uk/interpro/) to look for
conserved domains. Presence or absence of individual domains and their
organization were used as criterion to filter potential orthologsuprotein
sequences. Filtered protein sequences were further tested by BLASTp search
againstArabidopsigproteome (bidirectional blast analysis) to confirm orthology
inferences. Gene IDs (converted between versions 2 and 3 ofSffieodela
polyrhizagenones using BLAST) encoding confirmed orthologous proteins were

used for further tissuespecific expression analysis.
Statistical analysis

All statistical analyses were conducted in GraphPad Prism version 9.0
(graphpad.com). For the anatomical dataset, ppaticoordinates analysis was
conducted on 19 variables and 210 rows utilising parallel analysis with 1000
simulations and a random seed. For root removal experiments;viayp repeated

YSI adzZNBa !bhzt! gF& LISNF2NNYSRZ TFTxteft2gSR ¢
to establish differences in growth on a paay basis. For nutrient concentration
comparisons generated by ionomic analyses, data were compared witlwape

lbh+! F2f{f26SR 0& ~ARt1Qa VYdzZ GALIX S O2 YL
concentration between individual nutrients. Log2 fold changes generated from
ionomic data were calculated as Log2(elemental conc. roots remeved)

Log2(elemental conc. rooted).
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2.4 Results

2.4.1 uCT protocol development

Evaluation of sample embedding methods

Of the fourpreparation methods tested, only petrolatum embedding produced
consistent usable results. When scanning was performed in either growth media
or air, the frond or roots were able to move, and in agarose solidifiededia the

plants became deformed, and deased in area, presumably due to loss of turgor
within the core Figure2-40 @ ¢ KSaS 20aSNII GA2ya 6SNB
image data; in additin to a poor contrast between the agarose solidified media
and the plant, there appeared to be respiration of the plant, creating a gas pocket
around the frond, and significant shrinkage/movement of the frond within

resulting in poor or unworkable data.

87



A Study of ThdRelationship BetweerMonocotyledonousPlant Anatomy and Water

Liquid
Media Air

Solidified
Media

Petrolatum

-

o

o
]

ns.

o

[)] -

&

£ 50+ n.s
o

© 41 X

o

§ ol i ... A&.ns ns
o

= J

o *

3

c

)

o

Q R

o

&
©
1

-
(=3
o

" Liquid Solidified
. Air . e dia = Media W Petrolatum

Figure 2-4. Preparation of samples in petrolatum provides the most stable
method for CT imagingA) Representative images®pirodelgolyrhizacondition
under different preparation methods over time. (B) Percentage change in frond
area after 1 and 6 h under different preparation methods, * significant difference
in mean area from start poirmi < 0.05, n.s. = No Significance in mean area change
from start, n = 32 ANOVA with a Tukeys multiple comparison test.

MCT scanning quality assessment

Three individuals of one species from each duckweed genus was prepared,
scanned, and processed as described.52using the described methods for CT
scanning. Representative scans were rendered into 3D to gauge the efficiency of

the preparation and scanning method; showing that across the full rangeze$
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within the Lemnoideae this method produces high quality images at a relatively

highthroughput (Figure2-5).

Figure 2-5. Representative images of duckweed genera showing render
capabilities and segmentation of micrographgA,B)Spirodelaintermedia, (A)
Render clipped to midpoint of frond, (B) Micrograph and segmentation of
micrograph of midpoint slice (White: Starch rich tissue Green: Tissue Blue: Gas), (C)
Render ofLandoltiapunctata, ([2F)Lemnaminor, (D) Render clipped to back half

of frond, daughter frond (df), granddaughter frond (gd), (E) Micrograph and
segmentation of micrograph, (F) Render clipped to partially remove adaxial frond
surface revealing stipe (s), nerves (n), and daughter frond pocket (p), mauve
dashed line shows clipping pkarof (D,E), (G,H)olffiella lingulata, (G) Render
clipped twice, revealing meristem and internal anatomy of daughter frond, (H)
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Render clipped to midpoint showing longitudinal section of frond, Wadjffia
arrhiza, (1) render of whole plant, (J) Render clipped twice to reveal internal gas
spaces. Scale bars (A,B,C): 1 mm, (D,E): 0.75 mm, (F): 0.5 @dn0(& mmK
Spirodela itermedig LLandoltia punctataM Lemna minorNWolffiella lingulata
OWolffia arrhiza Scale bar40 =1 cm
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2D pCT image processing pipeline assessment

The different image processing methods presented provide a range of options for
visualization and aadysis depending on the desired information. To visualize the
internal structures, segmenting and rendering the plant using the 3D method gives
the most flexibility and perspective as one is able to view the plant as a whole
(Figure 2.5C,I) or clip into ¢hrender revealing internal structures (Figure
2.5A,D,F,G,H,J). This can be done aligned to the three projection planes (XY, ZX,
ZY), or unaligned, presenting different perspectives to those possible with 2D
alone. The plant can also be rotated and clippednultiple planes to reveal or
isolate particular features in the 3D object view (Figure 2.5G,J). Though very rich in
information and capable of enabling measurements of internal structures, this
method is the most time consuming in segmentation, costlprocessing power,

and limited in the rate of measurements possible without additional

computational measurement addn packages to the software.

Table2-3. Results of 3D particle analysis of gaaces within representative fronds

scanned
Line Number of Vol. (mm?3) Surface area (SA) (mm?2) Euler (x) Thickness (mm)
gas sp

Min. Median Max. Total Min. Median Max. Mean Std. err. Mean Std. err.
S. intermedia 2187 4.25E-07 0.00003 0.02853 0.5822 0.00447 0.02763 4.963 09186 0.02292 0.08454 0.001251
L. punctata 3167 1.97E-07 1.1E-06  0.001 0.01173  0.000267 0.004 1.261 0.982 0.002526 0.02346  0.000272
L. minor 926 2.76E-07 4.53E-06 0.00105 0.01792 0.00159 0.00795 0.7155 0.9633 0.007848 0.0313 0.000209
W. lingulata 228 1.18E-08 5.65E-07 0.00042 0.00347 0.00019 0.00284 0.5657 0.9167 0.03213 0.03082  0.000523

Analysing this data from th8&.intermediascan, the volume distribution of gas
spaces can be determinedri@ure 26.C) and thus statistical analysis can be
performed on the uniformity of the frequency both at an intra and inter species
level when applied to large experimental programs. The recoloured imtag& s
outputs from BoneJ (Doube et al., 2010), allow for visualization of the number of
individual gas spaces in 3Bidure 26.A), and the distribution odlifferently sized

gas spaces throughout this frond. The volume differences between gas spaces
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shown by the graduated colour mapped imag&(re 26.B),and the thickness of
each gas space shown by the heat mapped im&ggu(e 26.), show that in this
individual, larger and thicker gas spaces keated in the middle of the frond,
while smaller and thinner gas spaces are found at the surfaces of the frond. This
type of quantification will allow for much better understanding and phenotyping

of duckweed species when applied to a whole replicateceexrmental program.

92



A Study of ThdRelationship BetweerMonocotyledonousPlant Anatomy and Water

4.25 x10'mm®

600+
505

4004

200+

Frequency of gas spaces

o
L

6 55 5 45 4 35 3 -25 -2 15

Logy, (Gas space volume mm?®)

Figure 2-6. Threedimensional (3D) particle analysis ddpirodelaintermedia
shows number and volume of each gas space within frof@) Render showing
internal air spaces dbpirodelaintermediafrond colored by individual gas space.
(B) Render showing internal air spacesSpfrodelaintermediafrond, colored by
volume, clipped to reveal variation in volume between inner and outer gas spaces
within the frond (green). (C) Frequency ligtam showing distribution in volume

of gas spaces withi@pirodelantermediafrond. Scale bars: 1 mm. Graduated color
scale from 4.25 x F0mm?to 0.0285 mm.
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A combined approach, utilizing the 2D segmemtaprocedure for 3D trait analysis

was carried out using the FIJI plugin BoneJ as previously used for analysis of gas
content of plant material (Lundgren et al., 2019). Particle analysis of the binary
masked gas space stack (Figure 2 3J), outputs measnoteaiea range of
topological features of each distinct gas space (volume, surface area, Feret
diameter, thickness, Euler number), and can generate recoloured image stacks,
coloured according to values of particle traits (number, volume, thickness), which
can subsequently be visualized in 3D using FIJI 3D viewers or with VGStudioMax.
Representative 3D renderings of pore numbEigire 6A) and pore size (Figure
2.6B) as well pore thickness (Figure 2.6) illustrated by heat maps, were constructed
in VG StudioMX (version 2.2.0; Volume Graphics GmbH, Heidelberg, Germany)
using Phong rendering tools (Phong, 1975).

| SFd YFLI RFGIF 2F GKS WeKAOlYySaaQ 2F LER2N
plugin BoneJ (Figure 2 7). After binarization of the image stackg€Rig3KM),

use of this plugin was fully automated. Image processing takes from a few minutes

to several hours depending on the scan and processing power of the machine used,

with the larger the plant and more numerous and interconnected the gas spaces
generally the longer the process. Following the 3D particle analysis of internal gas
spaces, results were processed in Prism 8. To confirm presence of gas within fronds

and roots, pixel value measurements were taken of air inclusions in the petrolatum
core,and of gas spaces within frond and root at 50 points within each area using

GKS LRAYG (G22f Ay CLWL® ¢KSAS YSI Adz2NBYS)

t-test.
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Figure 2-7. Localized thickness of each gas space witBipirodelaintermedia
frond. Frond tissue in green, gas spaces from 8kite in graduated scale from
0.012 mm to 0.465 mm in thickness at each point within each gas space in the
frond. Scale bar: 1 mm.

Root @mposition determination

In addition to enabling the acquisition of thréeA YSy aA 2yl f | yIF G§2YAO
scanning can also support other methods of anatomical phenotyping. Sections of
S.intermediaroots Figure2-8), showed large extracellular voids. Though these
were identifiable as aerenchyma based on understanding of root anatomy (Jung et
al., 2008), confirming that these are in fact interconneafed filled channels, was

not possible with the vibratome sectioning method described alone. Measurement
of the image pixel values for the air bubble inclusions within the petrolatum, and
the values observed inside the root channels and frond are similangh that it

can be said with confidence (p = 0.0154) that the exgHular spaces in the root

are gaseous in the samples observed. This agrees with the segmentation method
described inFigure 2-3, as shown inFigure 2-8C. Using this information, the
extracellular spaces iRigure2-8B, can be labelled and recoloured as air spaces

(Figure2-8D).
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Figure2-8. MicroCT imaging confirms that the extracellular spaces seen in root

sections are filled with gas(A)>/ ¢ Y A O NBarotelaidkermedia root

embedded in petrolatum, with air bubble inclusions (ald)6bit greyscale
micrograph representing xray density from white (high density, to black (low
density) (B) Confocal image ofSpirodelantermediaroot s® G A 2y X mMpn >Y
stained with calcofluofgreen)(C) Segmentation of (A) using the method described

in Figure 35reen = tissue, Blue= intra plant gas regi@) Recolored root section

(B) showing the classification of extracellular spaces based anesggtion in (B)

green= calcofluor stained cell walls, b= aerenchyma{ OF £t S . I NAY 0! X/
6/ 250 I pn >Yo
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Turion composition determination

CdzNIIKSNJ 12 GKS O2y FANXIGAZ2Y 2F Il a aLl Of
differences in material composition. The imaging and analysis pipeline was shown

to be effective in evaluating differences between collection variants of duckweed
turions. Figure2-9A-C show three representative images from the middle slice of

XZ image stack of sunken, floating, and dadéted turions; whilstFigure2-9D-F

shows the segmentation of these slices using the 2D segmentation method
described inFigure2-3. Quantification of turion composition shows a differing

range of percentage composition of tissue, gas, and starch between collection
variants. Although significance testing was not possihie t the small sample

size, the scans showed a lower proportion of tissue and a higher proportion of gas

in the floating turions than the sunken or cold treated turioRggure2-9l).
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Figure2-9. Buoyant Spirodelapolyrhiza turions contain a higher percentage of
gaseous extracellular space than those that are submerg@s;,C) Mid slice of
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conditions. (QF) Segmentation of images from (A)ldaving steps in Figure 3.

Green: Tissue, Blue: Gas, White: Starch (A,D) Turions floating at surface, (B,E)
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Turions sunk to bottom of flask, (C,F) cold treated turions showing petrolatum (p),
Starch (s), Tissue (t), and gas spaces (gs). (G) ExpandedapicraigCold treated
turion. (H) Expanded segmentation of micrograph of Cold treated turion showing
petrolatum (p), Starch (s)White, Tissue (t) green and gas spaces (g9)lue,
recolored as determined by segmentation. (I) Composition values of eaidm tur
set under each treatment as determined by processing and analysis pipeline. Dots
represent data points, horizontal line the mean value. Scale Bafs)(A mm,
(G,H): 0.1 mm.

2.4.2 Root vestigialization

Root anatomy

The root anatomical survey was conducted a panel of 20 duckweed lines,
represening 13 speciegFigure 2-10), with allSpirodelaandLandoltiaspecies
represented and 10 of the Ll3amnaspecies, alongsideistiastratiotes(Figure 2
10.). in line wit previous observationd_@ndolt, 198§ in no instancesvere lateral

roots or root hairs observed in duckweeds.
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e Lemna aequinoctialis 7339
Lemna minuta 9260 * Lemna perpusilla 8539

Lemna tenera 9020

Lemna minor 8389 Lemna valdiviana 7005
Lemna minor 7123
Lemna yungensis 9208

Lemna trisulca 7192

Lemna turionifera 9109 Lemna japonica 9250 Lemna gibba 7922

~

-
—

)
—_—

Landoltia punctata 7760 Landoltia punctata 0049 Landoltia punctata 0049

Ly
3 . Spirodela polyrhiza 7498 SR
S Spirodela polyrhiza 5543
Spirodela polyrhiza 9192 P PO Spirodela polyrhiza 9509

! Spirodela intermedia 7820
Spirodela intermedia 9394

Pistia stratiotes (Lateral) Pistia stratiotes (Lateral)

Pistia stratiotes (Main)

Figure2-10. Representative root sections from 20 duckweed lines encompassing
13 species, an@istiastratiodes main and lateral rootsimages were obtained via
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fresh tissue sectioning and confocal imagirgn a representative portion of the
mid point of the length of the rootThePistiastratiodes and Landoltia punctata
roots are countesstained with fuschin to highlight lignified tissue, Scale bar for
whole roots= 100 pM, Scale bar for magnified stele =10um
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Pistiahad a considerably larger and more complex root system with latecdro

11 out of 12 duckweeds have a mean root diameter between2@D um, with

only Lemnayungensidalling outside of this range with a mean diameter of 256
um. No duckweed species possessed a maximum root diameter close to the 325
MM observed irPistia An average of 212 total cells were countedPistiacross
sections, while duckweeds display mean total cells values 08128
cells.Spirodelasp. displayed mean cross section cell numbers ranging from 40 to
81 cells, whereakemnaspecies typically dispfad fewer cells in crossection
than Spirodela averaging between 28 and 45 cells, apart fioemnayungensis
which has a mean total cell count of 73. Morphological analysis of root patterning
revealed a highly reduced anatomy common to all duckweed ispecThis
consisted of a & of cortical cell layers and a consistent and highly reduced
vasculature Figure 211.) comprising a single centraylem, typically surrounded

by a small number ¢I0) of what appear to be phloem parenchyma cells (although

this identity could not be and has not been explicitly defined).
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Figure 2-11. Comparison of root anatomical traits across almost all extant
duckweeds reveals a highly reduced anaton{p) Rose diagram displaying the
width of each cell layer (um) for roots of 20 duckweed lines encompassing 13
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species, denoted at the outside of the circB). Rose diagram displaying the
number of cells in cell layer for roots of the aforementioned lines,otieth at the
outside of the circle, with P. stratiotes main roof§ (n a separate bar chart for
ease of resolution. Background colour underlying the species labels represents
genera; yellow represent®istia purple Spirodela pink Landoltig and green
Lemna E) Colour coded key to the different cell layers displayed on the rose
diagrams. CCL stands for cortical cell layer. n = 10 root sections derived from
different plants, except foPistiastratiotes (main) and L. trisulca where n = 5 root
sections dewned from individual plants.

Pistig conversely, has-8 metaxylem in its stele and considerably more phloem
and/or parenchyma . It also has a discernible pericycle, which was absent in all
duckweeds surveyed her€&igure 212.). In duckweeds, the stele was enclosed by
an endodermis normally comprised of%cells, with each cell centred over the
cleft between the two phloem/parenchyma cells situated bereathisidentity

was confirmed with the fuchsin staining, showing the characteristic lignin
deposition pattern describing the casparian strip of the endoderasishown in

Figure2-12.
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Pistia stratiotes
(Main)

Spirodela polyrhiza
9509

Lemna gibba
7822

Figure 2-12. Basic fuchsin staining of duckweed vasculature highlights
lignification in the endodermis and central xylemEntire root section and
accompanying close up of the vasculature of Spirodela polyrhiza 9509 with cell wall
staining (calcofluor white; green) antignin staining (0.01% Basic Fuchsin;
magenta). Scale bar = 50 uM for entire roots; 10 uM for vasculature-odlese
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When comparing between duckweed genera, a trend in the reduction of number
of cortical cell layers (CCL&jigure 2-13C) was observed from the earlier
divergingSpirodelg3 of 6 accessions display 5 CCLs) to the later
divergingLemna(3 CCLs in 11 out of 12 accessidigare et al. 2023)However,

this was not the case in root diameter, endodermis diameter, or vascular cell count.
Several duckweed species have large extracellular air spaces within the cortex,
similar to the schizogenous aerenchyma found in many otheaagq plants Jung

et al., 2008. This feature appears more frequentlySpirodela5 out of 6 lines), in

1 out of 2 of theLandadtia lines, and in only 2 out of 12 closely relatsemnalines

that are currently proposed to represent a single speciam@ensis valdiviana
(Bog et al., 2020 Pistiamain roots however were significantly larger in every

metric when compared to roots of all other duckweed species.

6 :
== Species

® S. polyrhiza

® S.intermedia

® L. punctata
Lemna sp.
P. stratiotes lateral
P. stratiotes main

24.92%
PC2
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|
-6 I T T
-10 0 10 20 30
PC1
53.25%
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Figure 2-13. Principal coordinates analysis of duckweed anatomical traits
highlights interspecies differences and a gradient of reducing root anatomical
complexity. A) PCoA based on 21 components, with 210 rows, derived from an
anatomical analysis of fresh root sectsofrom 20 duckweed lines, encompassing
13 species, and main and lateral roots Riktia stratiotes. Clusters have been
manually highlighted and numbered for ease of further discussion. The percentage
of variance explained by each PC is indicated on tlevaeit axis.
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To process the data and visualise its spread and trends, the root anatomical data
was subject to a principal component analyshown inFigure2-14A. The PCA
shows 5 well separated clusters, consistent with phylogenetic groupings.
AllLemnaspecies are found in a single cluster (3), apart ftamnayungensis
which forms a distinct unige cluster outside of the largeemnacluster
containing this species alone (&pirodelaintermediaoccurs in two distinct
clusters (1 and 2), neither of which contain drgmnaindividuals. The majority

of Spirodelantermediaindividuals cluster togéter, in a group also consisting of a
small number oBSpirodelapolyrhizasamples (cluster 2Bpirodelapolyrhizais
distributed more broadly and located within clusters 1, 2 and 3, with the majority
of individuals falling into cluster 2, which contains
only SpirodelaandLandoltiaspecies. A small number  Spirodela
polyrhizasamples also fall into theemnacluster.Landoltiadata points are mostly
located in cluster 2 witlspirodelgpolyrhizaandintermediadata points, and a few
individuals occur in taLemnacluster.Pistiamain roots group distant from all
duckweeds driving the main axis, PC1. NotablyRiatlalateral roots fall within

the Lemnacluster.
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Figure2-14. PCA details and cortical cell layer number analy#i$.L oadings plot
of PCA ir2-13 B) Summary of the 22 variables used to generate the RGALO
root sections derived from different plants, except fistiastratiotes(main) and

L. trisulcawhere n = 5 root sections derived from individual plants. C) Mean
number of cortical cell layers for representative species of each genus.

Effect of root removal on plant growth

Frond (or aerial tissue) area was measured daily following root removal and
normalized to the initial area valu&igure2-15A). Considerable increases in frond
area for all duckweed species with intact root systems were oleser¥or all
duckweed species, apart froln turionifera final percentage growth did not differ
significantly between control and plants treated by daily root removal. In contrast,
root removal markedly and significantly reduced the growth ratBisfiastratiotes
(Figure2-15). Dry weight measurements showed the same results pattern, with
only P. stratiotesandL. turioniferaexhibiting a significanteduction in dry weight

in the rootexcised conditionKigure2-15B).
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Figure2-15. Growth and nutrient uptake of six duckweed species is not impacted

by continual root removal, unlike the aroidPistia stratiotes. Plants were

subjected to continuous root removal and growth and elemeni@homic
compositionof fronds was compared to untreated controls. A) Growth measured

as area of fronds (or aerial tissues feistig, derived from daily imaging from

beneath, and plotted as a percentage increase relative to the initial (day 1) area

value. Species are indiea on the graphs. n = 10 flasks, each initially seeded with

3 colonies for duckweed and 1 plant fétistia Asterisks show statistically
significant (P< 0.05) differences as assessed bywao repeated measures

lbh+! F2ff286SR 08& ~ohREnprd&rs =Y08% @.ALihds §howO 2 Y LJI
the best fit of an exponential (Malthusian) growth curve. B) Dry weights of frond

or aerial tissue harvested from the final timepoint of the growth series shown in A.
Asterisks show statistically significant (P< 0.0f¢knces as assessed by enay

lbh+! F2ff{26SR 068 ~ARI1Q& YdzZ GALX S O2YLJ

110



A Study of ThdRelationship BetweerMonocotyledonousPlant Anatomy and Water

Effect of root length on movement in response to wind

The length of duckweed roots was shown to significantly affect speed
duckweeds travelled in aesponse to an artificial wind treatment. For all three
biological replicates, as the root length was reduced the time taken to travel 15 cm
decreased and the speed of travel increased. This happened exponentially, with
negligible changes in movement spdagtween plants with 3810 mm of root, and
small insignificant changes between-20 mm, though reducing the root length
below 20 mm caused major increases in movement speed with each removal

increment(Figure2-16).

Lemna minor movement speed

£ 2- e Plant 1
S = Plant 2
'c -
S - Plant 3
o 1+
w -t

0 L] I T I | I ] I

o

10 20 30 40
Root Length (mm)

Figure 2-16 Reduction in Lemna minor root length causes an increase in
movement speed under wind stimulusMeasurement of time taken for eh
duckweed plant to travel 15 cm was expressed as speed in cm/s, measured 5 times
per trimmed root length

Effect of root removal on plant nutrient uptake

To investigate root function with regard to ion uptake, the fronds and aerial tissues

of duckweed ad Pistiaproduced by the previous experiment were analysed to
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determine their ionomic and nitrogen and phosphorus content. For ionomic
analysis, though some rare elements such as Li and Cd were detected, only the 13
elements present in the growth media Bla, Mg, P, S, K, Ca, Fe, Mn, Co, Cu, Zn,

and Mo, were considered.

In no instances did root removal in duckweed impact N or P levels in the frond,
whilst both elements were significantly reduced in by root excisid?istia(Figure

2-17). Additionally, no other elements included in our analysis (0 out of 13)
exhibited reduced accumulation i8pirodelapolyrhiza, Landoltia punctata or
Lemnayungensisunder root removal treatmentLemnatenera and turionifera

both exhibited reduced accumulation of a single elemeaftand Na respectively

after root removal, whileLemnaminor showed reduced accumulation of 2
elements, B and Surprisingly, a higher accumulation of B, S, Mg, Ca, Fe, Mn, Co
and Mo was found in several species following root excigtayufe2-17). InPistig

7 of the 14 elements quantified exhibited reduced accumulation in shoot tissues
following root removal, with N, P, S, K, Fe, Mn and Zn all being significantly reduced

(Figure2-17).
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Figure2-17. Effect of root removal on duckweed ionoméieatmap showing the

log2 fold change of elemental concentrations in the frond for rooted versus
rootless treatments for each species. Significance (P <0.05) was determined by
onegl @ ! bh+! F2f{ft26SR 0& ~ARI 1Qa YdzZ GALX
initially seeded with 3 colonies for duckweeds; n = 7 flasks, each initially seeded

with 1 plant forPistia

Expression of nutrient transporters in different tissue types

As part of this investigation, gene expression of nutrient transporters in different
tissue types and in response to contrasting nutrient exposure was analyzed. Plant
growth and sampling was conducted by Dylan Jones and Alex Ware, and expression
analysis was run by Alex Wakexpression of tissue specific nutrient transporters
was analyseé using a bulk RN#equencing dataset using tissue from the mature
frond, frond meristematic zone, root tip and mature root 8pirodelapolyrhiza
(9509). In order to compare this to land plants with functional roots a selection of
nutrient transporter gene families (NRT1, NRT2 and PHT) were investigated and
used to calculate tissue specificity indices (TSI) to then be compared to the TSI of
the sametransporter families irArabidopsisand Zea maysn comparable tissues,

obtained from publicly available datasets (Klepikova et al., 2016; Stepflug et al.,
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2015) (Figure 2-19). A genefamily level approach was taken to identify all
members of each gene family in duckweed, ensuring no potentialuptike
members were missed. Protein domain structure based ortholog identification
revealed a substanti@ontraction in the quantity of members of these families in
Spirodelapolyrhiza consistent with a previous repol Arabidopsighalianaand

Zea maysthere is a clear bias towards root specificity in all 3 gene families
(Michaels et al., 2017).
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Figure2-18. Expression of the NRT1, NRT2 and PHT nutrient transporter gene
families shows root bias in A. thaliana and Z. mays, but not S. polyrthigaMean

TSI (tissuespecificity index) was calculated er Julien et al. (2012) and Brawand

et al. (2011) for all members of the PHT, NRT1 and NRT2 family as identified by
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orthology analysis across 4 tissues encompassing root, root tip, shoot apical
meristem (SAM) and leaf in each species. For each gene,ssipmelevels per
tissue type were normalized against total expression across all tissues. For Z. mays,
data for root tip and mature root was unavailable so instead 2 separate root types
of differing maturity level were used. B) Corresponding heatmap ofrtiidual

gene TSI values for each tissue type in the three species.

Averaging the tissue specificity index of all transporters allows for concise
evaluation of this trendKigure2-19), and shows elevated average TSI for root
tissues in both species relative to nooot tissues for these nutrient transporters.
This expression pattern is lost $ polyrhizanone of these transporters exhibit
any le\el of root specificity in their expression (Figure 4A). This could be due in part
to the loss of root hairs and/or lateral roots, as both organs have been shown to

have high expression of many transporters including the PHTs (Mudge et al., 2002).
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Figure2-19. PCA showing clustering of replicates of the four tissue types sampled
in the S.polyrhizabulk RNAsequencing experiment

RNA expression in response to low P treatment

Transcriptomic analysis @&. polyrhiza(9509) in response to low P treatment

revealed a stronger response in the root than the fromchere bllowing low P
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treatment, the PHO1and PHOZ2orthologues were the only PHT and PHO family
genes to be differentially expressed, and both shdwegher induction in the frond
than root Figure2-20A). Following transfer to low phosphate media, a higher
number of differentiallyexpressed genes in the frond with a specific enrichment
for transporters was also observeligure2-20C). Collectively these data suggest
that alongsile root vestigialization, there has been both a contraction in the
number of members in N and P transporter families, and a shift in the expression

patterns so that these transporters are no longer predominantly expressed in

roots.
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Figure2-20. Transcriptomic response d. polyrhizéd509 to 24 hours phosphate

starvation. A) Heatmap showing Log2 fold change of PHT and PHO genes in
Spirodelafronds and roots subjected to 24 hours of phosphate starvation versus

control groups grown with phosphate. Stars indicate genes with a Bonferroni
corrected p value < 0.05 as per DESeg2. B) Total number of DEGs for the same
groups, showing the total humbeaalongside those up and down regulated. C)
DSySa SyYyNAOKSR gA0GK (GKS Dh GSNY¥Y WiNIyal
regulation is up or down.

2.5 Discussion
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The work presented in th chapteraddresseshe stated aimsand has generated
several novel finohgs and results. The development of new tools for duckweed
phenotypingwas successful, and using these has facilitated an investigation of

duckweed root anatomy, function, and root vestigialization.
2.5.1 Phenotyping methods development

Several methods have beealeveloped and implemented over the course of this
research for aquatic plant phenotyping. The biggest advancement in technological

application has been in the use of uCT scanning for duckweed
HCT scanning preparation and imaging

The described method f@mbedding duckweed for uCT scanning has a number of
advantages. When looking at root morphology and position relative to the frond,

this methodallows the roots to spread and position themselves relative to the

frond as they would in media. This makesedésier to segment and measure

individual roots, as well as to accurately visualize the morphology of the plant as a
K2t ST AYy | gl & Y2NB &aAYAT I NI G2 K26 A0 |

While the process of embedding plants in this way can be quite time consuming
set up and perfect, preparing multiple plants concurrently becomes very quick, and
not then having to section or stain the samples speeds the process greatly.
Ultimately the determining factor of scan resolution was the distance of the sample
from the detector; the smaller it was possible to make the sample, the closer the
stage could be to the detector and the higher the resolution. The scan quality was
affected by whether or not the sample was extruded from the syringe or not, as
the additional mateial layer caused additionatmay beam attenuation and if the
sample touched the walls segmentation was made more difficult. However, if
unextruded, it is easier to position the core closer to the detector. This trade off

can be optimised for different sgpte types.
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HCT image processing

The 2D freeware analysis pipeline presented provides a higher throughput analysis
method that is largely automatable and has a much lower requirement of
processing power. It is well suited for analysis of plant compos(tisaue/gas),

and rapid measurement of segmented features. If properly embedded, specific
measurements can be manually taken such as organ length, width, and thickness.
Of the scans taken, segmentation of the micrographs agrees with visual
assessment of R®with a high degree of accuracy. To observe specific traits such
as gas space interconnectivity, distribution of nerves, and root anatomy, it is easier
to do so by parsing through 2D stacks than clipping through the 3D model as the
2D images are of a gjle plane (depending on the data set size), and can be done

without the need for segmentation.

The method of 3D trait analysis of gas spaces using the 2D segmentation worked
well for analysis of the representative scans ahf&rmedia L.punctata L. minor
andW. lingulataincluded inFigure2-5, however, the process ran poorly on the W.
arrhiza and S. polyrhiza turions due to the resolution of the scan and the small size

of the gas spaces.

Of the image processing and analysis methodsmbined approach of 2D and 3D
visualization, segmentation and analysis tools was most effective. The most
dynamic and illustrative visualization possible was in using the designated 3D
software, though manual measurements were easiest to obtain fromm2ape
stacks For segmentation, there were a variety of tools in the 3D software package
that enabled the most accurate segmentation of anatomical features, however,
this can be time consuming and required a high degree of skill. The 2D method was
also higly accurate but took less time, is amenable to automation, and can be

optimized to specific scans and sample sizes with simple adjustments. Fer post
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segmentation analysis, all measurements presented of 2D and 3D features used
ImageJ, though it would have=bn possible to do this using add packages for
the 3D software. At any point in the 2D processing, images could be rendered in

the 3D software for visualisation of analysis.
Future work using pCT scanning

The analysis of turion anatomy shown presents a promising avenue for future
research. The results from turion composition analysis suggest that position in the
water column may be moderated through variation in anatomical structure and
composition. The olved proportion of gas space was comparable to previous
investigations putting the aerenchyma volume in turionSimpolyrhizat between
9¢15% using a combination of sectioning and TEM (Kim, 2048)g pCT scanning
KFa aS@SNIft | RZHoysitheub3Dduriond to N&invdstigaied and ¢
so composition does not need to be inferred from a few slices. Secondly, as this
technique is nordestructive, it could be applied to the same turion at multiple
stages during dormancy to observe changesrdime. Further work is needed to

test whether the increased volume of gas filled space within the turion is causal for
its rise from the bottom of the water, and uCT would enable multiple rounds of
scanning the same turion to establish this. It may begpole to more definitively
identify the high-densityregions in the turion as starch which would also add to
the understanding of buoyancy regulation possible as part of CT scanning. Previous
analysis of turions through sectioning have reported the pneseof starch
granules (Appenroth et al., 2011). Through isolation of these starch grains,
scanning electron microscopy (SEM) has been used to show that these start to
reduce in size under exposure to high light (Appenroth et al., 2011). Imaging of
turion anatomy using light microscopy is challenging due to their small size, waxy
coating, high starch content, and heavy pigmentation, so uCT scanning may be the

best method for this.
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Other duckweed phenotyping

Duckweed worked well as a subject for the majonfyphenotyping techniques
used, though often required specific adjustments to be made. Growth phenotyping
was initially challenging due to the reflectiveness and distortion that comes with
imaging on or through water. This was overcome using the imadiamloer set

up described previously, and enabled high throughput imaging of large duckweed
colonies while maintaining aseptic conditions. Other solutions have been
developed, using large open containers, Petri dishes, or other growing set ups,
though theserequired either manual measurement or much more tailored image
analysis pipelines. These have a number of drawbacks around time requirements
for image analysis and or the experimental growth conditions, that the system

presented here largely avoids.

Duckweeds have been shown to be highly amenable to ionomic analysis, and their
small body plan and lack of secondary growth and thickening makes them easy to
break down for analysis. However, conversely, their small size makes subsampling

for any sort of analysichallenging.

While duckweed roots appear similar Arabidopsisn size, and cortex and stele
configuration, unless sectioned they take up dye much more poorly, and even
when sectioned the epidermis does not stain well. This is challenging for confocal
imaging of vasculature and imaging of the root tip, though usiegadaptations

to established sectioning and clearing methods presented above, high quality

images can still be taken.

Evaluation of developed methods

Of the methods investigated for the anatomical phenotyping of duckweed, the

only technique that allowedive whole plant imaging with the capability to
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duckweed requires maintenance of turgor, limiting of unwanted movement, and

images of sufficient contrast. The method of planéparation tested that met all

of these needs was embedding in petrolatum. Other workable techniques may

exist; but the method described ilRigure 26. is quick, inexpensive, easy to use,

and produces high quality results.

Other phenotyping methods may be better suited to the measurement of specific
GNFAlGaz 3IAQYSY GKS fAYAGSR F@FAtFoAfAGE
Much of the phenotgJA O RIF G 3 G KSNBER FNRBY | >/¢ a0
other methods, albeit in a much slower and timensuming manner. 3D geometry

of the plant can be obtained without the use of tomography scanning, especially

due to the simplified body plan ohe majority of species, and internal anatomical

data can be collected through sectioning and microscopy. Clearing and mounting

whole plants can give gross anatomical and cellular data in tandem, with either
confocal microscopy or lightsheet scanning. Whaigher resolution may be

required, various techniques utilizing electron microscopy may be used
(Melaragno and Walsh, 1976). Of the methods investigated, identification and
guantification of all the gaseous spaces and tissue within the plant is onlyntiyrre
Ll2aaroftsS gAGK >/¢ alOlyyAayas yR GKS NAC
throughput imaging and analysis methods presented make this the best method

for structural anatomical phenotyping of duckweed of the methods investigated.

As shown irFigue 211, this is particularly effective to gain anatomical insight on

| & 0 NHzO G dzNJ £ I yR OSftfdzZ I NJ f S@St GKSY

microscopy.

Several of these developed techniques were then used to great effect in the
investigation of duckweedoot vestigialization which was also informed by data

generated during their development.
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2.5.2 Root vestigialization

Anatomical reduction

The results from the duckweed amistiaroot anatomical survey show that along
with a reduction in frond size and numbef roots there is a loss of anatomical
traits along duckweeds evolutionary trajectory. The PCA of anatomical traits shows
that duckweed roots cluster differently tBistia and that within the duckweeds,
genera tend to fall into their own clusters. Thislicates that there is a strong link

between these phylogenetic groups and their anatomical traits.

The significant reduction in stele size in duckweeds when compareitiay may
suggest a reduction in their active nutrient transport function. Betwdaokweed
genera, fromSpirodelaspp. toLemnaspp., there is a significant reduction in

cortical cell layers, as well as the loss of aerenchyma in most species.

The anatomy of the duckweed root is also highly similaPiatia lateral roots,

which again is similar to the anatomy of fine lateral of other monocot species
(Watanabe et al., 2020 This similarity is affirmed by the PCA pladtisgialateral

roots within theLemnacluster. It is conceivable that this convergent anatomy,

seen inLemnaNB LINB A Sy da 2NJ Aad | LILRIIAYRA yoh (IK2 dz

which it would not be possible to form a root.
Root function

Through the perspective of what is normally considered to be the salient function
of the root, it appears that the roots of all species of duckweeds surveyed have
ceased to perforntheir raison d'étre, howevePistiahave not. This is evidenced

by the lack of impact root removal has on the panel of duckweed species
investigated in both growth and ionome. The root removal experiments show that

the Pistiawith roots left intact have aignificantly higher growth rate than with
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roots excised, however this is not the case for almost all duckweed species and
timepoints, implying for duckweed roots are not required for normal growth.
Furthermore, the ionomic analysis showed a significadilpinished ionomic
profile in Pistiawith excised roots (6 out of 13 elements reduced and reduced
nitrogen content), and no elements (0 out of 13) exhibited reduced accumulation
in Spirodelapolyrhizagrown without roots, and only 2 out of 13, (B and Giigl

in Lemnaminor. Interestingly, in bottSpirodelaeandLemna there was actually a
small significant increase in certain nutrients following root excision, included Ca,
Fe, Zn, and Mn, with Ca increased in both genera. This may be suggestresf

or degree of sequestration of certain elements to the root under normal condition,
for example, raphides (pinnate crystalline calcium oxalate) have been found in the

roots of Lemnaminor (Franceschi 19871.989.
Evaluation of Vestigiality

In Spirodelapolyrhiza the reduced tissue specificity of normally primarily root
expressed transporters lends further credence to the hypothesis that duckweed
roots are vestigial. With theerspective of the outgroup oPistia with an
apparently fully functional root system, it is interesting to see the ordering of the
loss of molecular, physiological, and anatomical traits across the duckweeds, and
the steps that have happened in tandem aseparately. At some point prior to the
evolution of Spirodelgpolyrhiza the duckweeds lost the ability to produce lateral
roots or root hairs (it is less uncommon for there to be an absence of root hairs in
aquatic plants than terrestri@@hannon, 1953) and tissues specificity in
transporter expression was also lost, though at this point they still maintained the
ability to produce multiple adventitious roots. It also appears that at this point,
duckweedroots had already lost their function with regard to supporting growth
and nutrient uptake. It is interesting then that post this loss of function, there is
still a gradual loss of morphological and anatomical traits as the duckweed genera

diverge further.This suggests that in these species natural environments there may
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still be a benefit to possessing a root, beyond those normally considered as part of
normal root function, that can still be fulfilled by a single root with limited potential

for transport

As described previously, exactly when a feature becomes vestigial is somewhat
abstract, and relies on evaluation of its ancestral or salient function. When
comparing the function of duckweed roots to those of their terrestrial forbears,
with regards to supporting growth through water and nutrient uptake (and
mechanical support), the data presented here clearly supports classifying
duckweed roots as vestigjahough as observed the roots do function in a manner
when considering a potential ®in reducing movement in their environmenthis
shows the potential for duckweeds to serve as a unique model system for plant
root vestigialization. The presentation of a spectrum and trajectory of trait loss as
opposed to a binary presence/absence imsavhat unique, and the wide range of
germplasm and growing toolkit for duckweed phenotyping and molecular work

makes this a promising avenue for future research.
2.5.3 Future work

The work presented here, while complete in its initial aims, has presented several

promising areas of research for future work.

The initial screen of turion anatomy and differences under cold treatment and
lifecycle illustrates well that the techniques developed can be used to identify
differences in anatomical structure but does natimlately resolve the question of
buoyancy regulation in duckweed and turions. A mordepth study of this, using

a greater sample number, range in treatments, more specific developmental
staging, and use of multiple timepoints may resolve this. Furtheemohe
identification of starch granules in the CT images could be better resolved, either

through more comparative microscopy of the same samples stained for starch as
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scanned, or establishment of a correlation between high density CT regions and

starchcontent using direct analysis of starch content.

The uCT scans, while high resolution, are not sufficiently high to definitively
determine whether or not there are any connections between the air spaces within
the frond or the root, or between airspacesélse large voids can be seen forming
as early as at the granghughter stage frond within the mother, however their
internal composition at this stage could not be determined usiegring andvere

too small for uCT. How gas is exchanged within the ptawngn that some species
have many internal chambers that appear sealed and insulated from their
surroundings, and that the majority of the plantis submerged, is unknown and may
be illuminated by use of higher magnification techniques such as serial faloek

scanning electron microscoflle et al., 2018)

These newly devebped phenotyping techniquespresent several new
opportunities for increased eephysiological investigation in how duckweed has
become adapted to different environments as it has lost root traits and become

reduced in size.

In the area of root developmenthere is much that could be done. Firstly, although
initial screens of root anatomical plasticity under nutrient/osmotic stress were
conducted and found to baon-impactful, it may be naive to assume that under
no environmental circumstance does root @aomy vary in the duckweeds
surveyed. There is some reported architectural variation, with roots growing to

variable lengths under varied nutrient conditions.
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Chapter Three:
Novel Approaches to Anatomical

Phenotyping
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3.1 Introduction

Plant anatomical phenotyping has grown as a field from providing useful
descriptive datahat informs our understanding of tissue function, to a powerful
G2YAO0E G22t FILOATtAGFGAY3 3ISYSGAO aaz2 oA

Anatomical traits have a significant effect on migrowth and performance and
can be an important factor in stress tolerance and response. They can affect a

LJ | gheta@alic expenditure, resource acquisition, and transport systems.

Many anatomical analysis techniques are labour intensive or time ooimgl and
can involve protracted or low throughput sample preparation, sectioning, staining,

and imaging steps, followed by limited manual measurement.

A significant development in the field of plant anatomical phenotyping is the
process of using laser abion tomography (LAT) scanning. This method uses a
high-power laser in combination with highly accurate positioning stages and-semi
automated image capture to sequentially remove layers of material from a sample,
and image the freshly exposed face. Tleshnique can be very highroughput

but has seen limited application in the range of species and tissues investigated,
and there still exists a large disparity between the potential LAT image quality and

throughput, and the quality and rate of image ars$/of LAT images.

3.2 Aims

Overviewof aims

ThisChapter describes the development afovel methods for plant anatomical
phenotyping. It aims to do this by developing new high throughput equipment and
techniques for sample preparation, scanning and imagisgwell as new image
analysis tools. This will be done and validated with three different biological use

cases; preparing for investigation of pearl millet anatomy, investigating the effect
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of soil microbiome on maize and gamagrass root anatomy, and cleaizog root

anatomy of brachypodium mutants.
3.2.1 Anatomical imaging

Quantification of anatomical traits, in particular root anatomy, is a growing field of
popularity for research, and recent technological advancements have enabled
generation of anatomical datthat can be used alongside other high throughput
phenotypic or genomic datasets. The University of Nottingham has recently
acquired a laser ablation tomograph (LAT), the first of its kind outside the US. This
technique was developed for root anatomicatadysis (se€l.3.2) but has only
guantitivelybeen used on roots and in a relatively small number of species, with

few methods for sampling and samepreparation given.

The LAT unit at Nottingham has been provided in a s®ansource
configuration, meaning hardware and software changes can be made to optimize
the LAT workflow. Protocols for sampling, sample preparation, ablation, and

imaging, requre development; either universally or in a samgleecific basis.
3.2.2 Anatomy image analysis

The development of higthroughput image acquisition approaches such as LAT
exacerbates the existing bottleneck of the image analysis stage (Minervini et al.,
2015;Depending on the level of data looking to be extracted from the image, this
can be a very time consuming and normally manual tdskumber of analysis
options for anatomical images will be evaluated for their suitability when designing
the LAT workflow. Were there are not appropriate extant image analysis
solutions, new ones will be developed through collaboration with computer

scientists.
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3.2.3Use cases

Pearl millet

The first case study involvinige useof LAT to investigate monocot anatomy under
water stress involves pearl millet. Pearl millet root anatomy is of significant
research interest as this is an extremely important crop globally and especially in
regions and communities afflicted by food ingety and drought. Root anatomy
and drought tolerance is being investigatediifargemulti-year study, comprising
Chapter4. Part of the pilot year of this is to develop the anatomical phenotyping
techniques that will be used in the subsequewetirs anddetermine strategies for
anatomical sampling. Tandem to this, several smaller experiments were performed

locally to optimize methods for the field trial and provide sample material.
Gamagrass and Maize

The second LAT use case study used root samplesafrsimdy investigating the

effect of microbiome and water stress on gamagrass and maize

Eastern gamagras3rjpsacum dactyloid¢ds a monocotyledonous grass variety
native to the eastern United states and south America. It is noted for its drought
tolerance, deeply penetrating aerenchymous ro¢@&ark et al., 1998and ability

to hybridize with maizéde Wet and Harlan, 1974)

Root associated micbes can greatly impact plant physiology and health of their
plant hosts, and this relationship has been shown to be influenced by both plant
and microbiome genetic factors. This investigation aims to determine how
microbial communities adapt to drought arigeir host, the benefit this confers to

the plant, and how this is reflected by plant physiology and anatomy.

The thesis aims relating to this investigation are to develop suitable LAT based

methods for each sample type provided, investigate root anatainifferences
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between treatment groups, and determine whether or not the microbiome can

affect root anatomy in these species.
Brachypodium

The third case study Braclypodium distachyopa relatively new model species
for cereal and grass functional genet{Csaper et al., 2001; Hasterok et al., 2022)
It is well suited to this role due to its relativegmall genome, morphological
simplicity, and proximality to wheat and other major food crqg®llogg, 2015)
Apart from a small number descriptive studies, brachypodamatomy has not
featured strongly in recent worKWatt et al., 2009; Pacheedillalobos and
Hardtke, 2012)

PIN1 is an auxin transporter with an important role in vascular patterning, common

to monocots anddicotd [ A S £ ®X wanmpT hYStel yOKdz]
2017; Y et al., 2019and has been shown to have an important role in regulating
development under drought condition®Bawa et al., 2022; Borrell et al., 2022)
PIN1lamutants have recently been developed in brachypodiérh Q/ 2 yy 2 NJ S (i
2017)

The role of PIN1 in the water stress responsBrachypodiumwill be investigated
by growing control and mutant lines under drought stress and investigating their
anatomical differences. This will be done ngsiLAT, which will first require

development of LAT preparation and scanning protocols tailor&tachypodium

3.3 Biological material

3.3.1Pearl millet (Senegal)

Pearl milletseedswere providedby ICRISAMD research partnersand seed stocks

are maintained byRD(Montpellier) and ERRAS (Senegal)
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Field trial pilot year

Pearl Millet root samples were provided by collaborators in Senegal. These were
crown and tiller roots, taken from a selection of 20 lines grown underwatéred

and droughted conditions. Hexperimental details are given 3.2
Sampling

The roots provided were segments of second, third and fourth whorl roots from
the primary stem, and crown roots produced by tillers. These were sampled from

4cm away from the stem.

These roots had been sampled in Senegal and were stored in 2ml Eppendorf tubes
containing 50% v/v ethanol upon sampling and kept in a cool dark place4or 2
weeks until shipping. Ethanol was then removed from each tube for shipping. Upon
receipt of samples in Nottingham, tubes were refilled with 50% ethanol and stored

at 4°C.

3.3.2 Pearl millet (Nottingham)

Line selection

Five pearl millet lines, provided by NdjicKane (CERRAS) were surveyed for
suitability for growth in Nottingham facilities. Seeds were sieved in calibrated
sieves, and seeds between 1mm and 1.2mm were kept. Per line, 20 seeds were
taken and used to assess the suitability of each line. Seedssuéiace sterilized

by immersion in 5% v/v sodium hypochlorite solution for two minutes, rinsed three
times in sterile RO water, then immersing in 70% v/v ethanol solution for a further
two minutes. Seeds were then rinsed three times in sterile RO watdritaem left

in water for ten minutes. Seeds were transferred to petri dishes containing sterile
water-soakedfilter paper, sealed with micropore tape, and stored in the dark at

28°Cfor 24 hours.
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After incubation, the number of germinated seeds were codhi@nd at this point

the lines that had a <70% germination rate were discarded.

The remaining seedlings were planted out on 6 well potting trays containing
Levington M3 potting compost mixone seedling per well. The trays were placed
in a growth room wih 14h of daylight (400pm/s/light radianggheck bright

growth room with all lights on), at a daytime/nighttime temperature of 287e4

After 7 days, lines which showed less than <80% continued growth were discarded.
From the remaining lines, the twelve ¢gst plants were selected and transferred

to 3l pots containing the same compost mixture. Pots were kept-watkered by

filling the propagation tray they were based in with 5cm of water twice a week. 21
days after germination, watering for half the potsasvstopped, and the plants
were exposed to drought stress. Plants were then grown for another 4 weeks

under drought and welvatered conditions.

At the end of this period, the number of surviving plants of each line/treatment
were counted and sampled. Rootowns were excavated and trimmed to within

10 cm of the base of the stem. Root crowns were then washed, and the number of
whorls present were counted. A single line was selected on the criteria of having
produced at least 4 whorls of crown roots under lia@atered conditions and
drought stress in >3 plants, and then the line with the highest surviving number of
plants was selected. The selected line was then used going forward in further

experiments.
Growth

Seedsof the selected line were sterilized andcrgninated using the protocol
described above36 seedlings were then planted into 18 soil columns of diameter

30 cmand heightl00 cm, 5¢cm apart at 2cm depth.
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The ®il composition was %2 bulk soil and %2 sharp sand, and columns were prepared
at field watercapacity 2 days prior to planting. Plants were kept weltered on a

drip system, delivering 15ml of water twice a day.

After 21 days after germination (DAG) watering was switched off, for %2 the plants
and growth was continued until day 48. Supplemewtad hoc watering was given

to all plants throughout according to need when visual inspection appeared that
plants were overstressed. This occurred on 32 and 41 DAG, and all plants were

given 200ml of water, and plants were harvested on day 48 DAG.

Samplirg

Flag leaves were removed from plants and placed in a sealed plastic bag with 10ml
of water. Stems were cut 10cm above soil, and root crowns were excavated by
hand, and to loosen soil all columns received 1l of water. Root crowns were dug
out and rinsedin water to remove loose soil, then trimmed to 10cm of root
material, and were then rinsed again and gently massaged to remove loose soil
from the root ball.The stemwas then trimmed to ©m and the root crowns were

then stored in plastic bags containi@g@ml of RO water.

Roots were sampled from the crown. Each root crown was transversely bisected
to reveal the inner whorls, and the crown halves were then washed again to
remove any remaining soil. Starting from the innermost whorl working outwards
each rod was sequentially removed and grouped according to its whorl. For each
whorl per plant, two to three median size roots were subsampled, taking the top 2
cm from each root. These were then stored in 2ml Eppendorf tubes in 50% v/v

ethanol solution.

The flagleaves were also subsampled and from the widest portion of the leaf,
typically ¥ of the leaf length away from the leaf base, a 2cm region was taken and

stored in an 2ml microcentrifuge tube (Eppendorf) with 50% ethanol v/v solution.
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3.3.3Maize and gamagrass

The maize and gamagrass samples were provided by Gabriel Castrillo and Maggie
YSYYySRe FTNBY | .. {w/ I YyRAholsi afpdntiRi§ R NIB a
understand drought adaptation in plants, their symbionts, and {iremg
microbiomeg ® ¢ K $ rirffedzl Hesigh Eridgationale is givendppendix2.

Experimental Summary

Soil was collected from six sites across Kansas, contrasting in precipitation and
irrigation (Figure3-1 Obj. 1 Appendix3). In controlled conditions, these soils were
either planted with or without gamagrass, and either subjected to water stress or
well-watered conditions, then harvested after 4 mont{fSgure3-1 Obj. 2). This

will result in four microbiome treatment groups for each of the six original soil

sources

Maize and gamagrass with then beogn in sand that has been inoculated with
colonies obtained from each tiese 24 treatment groups arglibjected to either

water stress or weHvatered conditions for one montfFigure3-1 Obj. 3)

From both objectives, the most recently developed crown root was sampled at the
base of the stemRoots were harvested and stored in 70% v/v ethanol and shipped
to Nottingham from Kansas, following the sanmtpcol as with the Senegalese

pearl millet samples.
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Figure3-1. lllustration of maize and gamagrass experimental designovided by

Valeria Cusidio
3.3.4Brachypodium

Plant material

Root, leaf, and stem samples from an experiment investigating the effect of
drought stress on wild type and PINBaachypodium distachyomutants were
provided by Riccardo Fusi for anatomical analysis. These plants were grown in
15cm diameter, 50cm long,08 mesocosm cylindrical columns in a controlled
environment chamber, under controlled and water deficit conditions for a period

of four weeks.
Sampling

After four weeks of growth, the whole root system was washed out of the column,
the arial tissue waseparated from the root. A 2cm portion of stem was sampled
from immediately below the first leaf, and a 2cm portion of leaf was sampled from

the widest region of the youngest fully ligulated leaf. A crown root sample was
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taken from whorl two, the oldest aviable whorl. Samples were stored in 70%

ethanol v/v solution until preparation for scanning.

3.4 Sample preparation

The power of LAT scanning comes patrtially from its ability to scan samples without
the need for staining or lengthy sample preparation processnd indeed the
majority of published uses of LAT scan samples when freshly removed from the

ethanol solution they have been stored in.

While this technique has been shown to work well with mature maize roots, this

was not the case for the majority ofgmt tissue used during this thesis.
3.4.1Wet sectioning

Initial testing of scanning samples without any prior processing produced mixed
results from species to species. While in most cases, timing the evaporation of
solution with sample progression and imagjnvith careful laser application, could

produce images of acceptable quality, this was highly inconsistent.
Pearl millet crown roots

Pearl millet crown roots of various classes were imaged straight after removal from
70% ethanol solution. Rapid collapsithe cortex was observed in whorl 3 and 4
roots, and cortex was largely indistinguishable in W2 roots, however tiller roots
were less affected. Using thismethod, however it was near impossible to
confidently classify cortical aerenchyma. The ethanohencortex either clouded

the entire tissue, forming a homogenous light reflective surface, or as it evaporated
caused the cortex to collapse, creating numerous aerenchyma like voids. In all root
classes, the stele seemed reasonably impervious to artgfaneration as a result

of wet scanning, however vascular bundles often appeared noisy or hazy.
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Metaxylem could contain larger volumes of trapped ethanol that erupted from the

root, causing bright flashes or obscuring the vessel.
Pearl millet leaves

Pearlmillet leaves collapsed extremely quickly once removed from ethanol for
scanning, all cell types became rapidly distorted and the leaf as a whole tended to
curl, making consistent ablation difficult and imaging infeasible. Freshly harvested
unpreserved leaes faired marginally better, however the waxy cuticle often
caused leaf samples to burn or reflect the laser in a way that made anatomical

visualization impossible.
Maize

Two different sets of maize roots were tested on the LAT, one from the microbiome
sal history experiment, and a second set of mature brace roots from harvest age

plants provided by Amanda Rasmussen (Nottingham).

The brace roots were able to be ablated wet to a similar standard of quality as that
published in previous LAT studi€3chneider et al., 2023ptele and cortical cells
were clearly visible, and major traits count easily be identified and would be able
to be quantified. This could be done without significant care to balance ablation
rate with sample drying. Prolonged exposure to the laser beamciitting or
illumination did cause gradual shrinkage and eventual collapse, but this was at a

slow rate and quality images could easily be captured.

The younger and smaller roots provided as part of the soil history experiment did
not fare well when saaned wet. The cortex rapidly collapsed, even when not
illuminated by the laser, and even within the stele it was not possible to

differentiate cell types.
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Gamagrass

Contrasting with the maize from the same experiment, gamagrass roots scanned
very well diectly from ethanol solution, there was no evidence of cortical damage
(noting that therewere extremely high proportions of aerenchyma, meaning there
were minimal cortical paerenchyma cells to damage), even under extended
periods of laser exposure. Stelells were clearly visible, with even endodermal

cells readily distinguishable from their surroundings.
Other

A number of other species and organs (including duckweed root and fronds,
brachypodium primary and crown roots, rice root tips, barley primary ,roce

and wheat cotyledons) were tested fresh and directly from ethanol with very poor
results. An observed trend was that the younger the tissue, or the lesser degree of
secondary thickening the organ had experienced, as well as the higher the original
water content of the tissue, the worse the sample withstood laser ablation and the

worse quality the images would be.

3.4.2 Critical point drying

Critical point drying is a technique of sample preparation that preserves biological
material by completely removingny liquid in the sample aneixchangingt with

CQ. Supercritical fluids are materials where undercertain combinationof
pressure and temperature conditionthey passbetweenliquid and gas phases
without crossing a phase boundarffor CQ this supecritical phase is at (and
above) the reasonably accessible 304.1 Kelvin (30.95 °C) and 72.8 atm. Between
this temperature and the triple point temperature56.6 °C), and at a pressure
above 5.1 atm, Cfexists purely in its liquid statéFigure 3-2). Under these

conditions, a dehydrated sample stored in a medium of ethanol or methanol has
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all of its liquid contents exchanged with liquid £ a pressured and
temperature-controlledchamber. The liquid G@s then further pressurized and
heated, bringing it into the supercritical state. In the supercritical state, fllods

all of their stiction and surface tension meaning there is no mechanical effect on a
sample as its liquid components evaporate, unlike with-sapercritical fluids. The
pressure in this system can then be reduced, bringing thei@®its gas phase,
leaving a completely dehydrated and dry sample. Samples can then be stored on

desiccated silica gel beads to keep them moisture free.

CO: Phase Diagram
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Figure3-2. CQPhase diagramShowing the temperature and pressure conditis
required for CQto exist in its different states

Dehydration process optimization

In order for samples to be critically point dried, they need to be completely
dehydrated as alcohols have a higher miscibility with liquid tbén HO. For
sample delgdration, initially a series of dehydration steps were used, individually

aspirating and refilling each Eppendorf for an ethanol dehydration series from
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70%80%90%95%100%100%, each stage filled with fresh ethanol solution for 4
hours. This process wdsne consuming and resulted in higher occurrences of
mechanical sample damage, so a new method of transferring samples directly from
their storage ethanol level to pure methanol for 24 hours, then pure ethanol for 24
hours was tested. Reducing the numbédrdehydration steps saved significant
amount of time and reduced the incidence of mechanical damage to the sample,

without any decrease in sample quality.
Sample holder design

The critical point drier model used (Leica CPD300) is provided with several
differently sized sample holders, offering betweeil® unique sample positions
(big enough for plant roots) in holders with a volume of one third or half the
capacity of the driechamber. At maximum use this gives the CPD capacity for 24

samples in a processing run, lasting betweenHours.

To improve on this throughput new holders custom made to fit the CPD chamber
were designed. Additionally, by using the new CPD samplesi®lduring the
dehydration process to move batches of samples between solutions, throughput
here could be significantly increased. By using 3D printing these holders can be
made cheaply, quickly, and tailored to the specific dimensions of different samples
With these goals in mind, the holders must withstand every stage of the sample
preparation process including submersion in water, ethanol, methanol and high
pressure and temperature GOSeveral 3D printing materials were tested for this
purpose includig a variety of Formlabs SLA resins (Tough 2000, ClearP@rey
and Flexible 80A), and Ultimaker FDM filaments (Tough PLA, PLA, ABS, Nylon). All
materials were visibly affected by the process, either cracking, becoming brittle,
shrinking, becoming discaloed, or partially dissolving. The least affected were the

holders made from PLA with only 48 % shrinkage and light discolouration, so
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this material was used for holder fabrication (specifically white PLA to avoid

colourant leeching).

Several designs sample holder optimized for different tissue types and sampling
methods were developed, noting that to ensure liquid exchange the base is printed
with a lattice mesh, large enough to allow unimpeded fluid exchange even when
shrunken, but fine enough to sarely hold samples. These holders must be loaded
with samples positionally as no labeling system survives the CPD process. It was
found most efficient to do this by creating a schematic representing the possible
sample positions in a numbered holder anthap to a correspondingly numbered
Eppendorf freezer box with the original labeled sample tube in the equivalent

holder position.
Settings optimization

For the model of critical point dryer used, there are 10 primary settings that can
be changed to confige the drying process. Iterative alteration of the drying
settings, testing the range of available settings revealed optimal configuration for

preservation of anatomical features for LAT scanning for different plant tissues.
3.4.3 Optimal sample preparation miods

These protocols were found to be optimal for throughput and sanagpiality and

were used to prepare all further samples for LAT scanning.
w220a 00Xy YY RAFYS{HSND

Root samples under 8 mm in diamefégsted in millet, maize, wheat, barley, rice,
pea, bhachypodium, gamagrassan be prepared for scanning fairly simply. Roots
are removed from their storage medium (normally 50% or 70% v/v ethanol
solution, trimmed to the length of the sample holder slot, and placed in the holder,
sat in a shallow bath oftkanol solution at the same concentration as for sample

storage. Once the holder is filled it is sealed either with the stairde=sl mesh lid
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provided with the CPD, or with parafilm that is then perforated. The holder is then
drained and blotted and tmasferred to and fully submerged in 100&thanol and
stored at 4 °C for 24 hours. After this period, it is then drained and blotted dry again
and transferred to 100% ethanol solution and stored at 4 °C for 48 hours. After this
the samples are ready for tidal point drying. Holders are transferred to the CPD
chamber, filling up any unused chamber volume with filler pucks and then filling
the chamber with 100% ethanol solution. The CPD is then runsettings inTable

3-1
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Table3-1 Critical Point Dryer settings optimized for smaller root samples

Step Setting Value
Cooling 15

Co21In Slow

Exchanges 20 40
Heat Slow

CO2 Out Fast

Mixing Slow

After the process is completed, samples are then stored in their holder until

scanning in a sealed container containing desiccated silica gel.
Roots (>8 mm diameter)

Roots of greater than 8mm diameter were handled similarly, though placed in a
holder with larger and horizontal sample sditays. Roots were also cut

transversely into lengths no longer than 1cm.

At the methanol stage, holders were placed in a vacuum infiltrator, slowly starting
andincreasing thestrength of the vacuum until bubbles stop bgireleased, then
left on high vacuum for 30 minutes. Samples are then treated as athevethe

CPD is then run witkettings inTable3-2.

Table3-2 Critical Point Dryer settings optimized for larger root samples

Step Setting Value
Cooling 15

Co21In Slow

Exchanges 20 40
Heat Slow

CO2 Out Slow

Mixing Slow

143



A Study of ThdRelationship BetweerMonocotyledonousPlant Anatomy and Water

Leaf

Leaf samples require a significantly different holder configuratiatts buthave

the advantage of being stackable without the risk of moving position. Leaves were
ordered, trimmed to 2cm lengths, and stacked horizontally for loading into the leaf

holder and positioned between the holdposts.Leaf samples only needed 4 hours

in each methanol and ethanol solution, then could be dried using the settings in

Table3-3.

Table3-3 Critical Point Dryer settings optimized for leaf samples

Step Setting Value
Cooling 15
Co2In Slow
Exchanges 16 40
Heat Fast
CO2 Out Slow
Mixing Slow
Stem/ Cotyledon

Stems of up to ~6mm could be prepared using either the smaller root or leaf
methods in either of the root holders using the faster methaatiianol steps as
with leaves. They could then be critically point dried very rapidly compared to the

other tissue scanne(rable3-4).
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Table3-4 Critical Point Dryer settings optimized for stem and ctgglon samples

Step Setting Value
Cooling 15

Co21In Slow

Exchanges 20 40
Heat Fast

CO2 Out Fast

Mixing Slow

Stems thicker than thibeginto encounter issues with critical point drying. Leafy
stems, with many layers of furled leaves contained within, often showed
mechanical damage to internal leaf layers as a result of CPD. Hollow stems larger
than this dried well with minimal issue if satimg an area not connected to a node,

or between two nodesptherwise,these tissue types had differential shrinkage
rates and mechanical stress developed. Finally, mature fibrous stems were
challenging to critically point dry and frequently collapsed eravcrushed by the
process. Dissecting the samples into volumes of less thar® howoh treating

similarly to the large root samples mostly produced undamaged samples.
3.5 Laser ablation tomography

Laser ablation tomography is a powerful technique for rapid root sectioning and
imaging. In 2018 the University of Nottingham purchased a LAT unit from L4IS, a
spin out company of thBennsylvani&tateUniversity Lynch lab. When purchased

it was more sirlar to the configuration used iPennsylvania State University
however in order to better suit its intended applications, significant alterations

were made to the contents and configuration.
3.5.1LAT setup

The changes to the Nottingham LAT setnugude addition of sample positioning

actuators with a custom 3D printed sample mounting clip system, sample
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positioning alignment lasers, brightfield illumination, and the replacement of a
DSLR camera imaging system with a machine vision camera attaohed
microscope objective@igure3-3). Custom image capture software was developed
alongside the hardware changes. These alterations were made awer and
protocol development was done with differing hardware configurations, though
the described configuration was used for the majority of work conducted and all

methods given are for this set up.

» > DIME€ < <

Figure 3-3. Schematic showing simplified layout of Nottingham Laser Ablation
Tomograph Unit A: Laser galvanometer, BaXZis Linear actuator for sample
(nanometer precision Pl stage), C: X axis linear actuator, D: Y axis linearractuato
E:Sample stage F: Magnetic sample holder F: Root sample G: Laser sheet H: Heat
sink and debris collector I:Microscope turret and objectives J: Microscope body, K:
machine vision camera K: camera focusing stage.
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Laser

The laser ablation tomograph costs of a 355 nm UV laser$witched, pulsed UV
Laser 150pJ @ 100KHz 12ps pulse (Edgewave MBRdIO@3-GF) and a
galvanometer (Scanlab Model RTC4) used to produce a laser (fhgete 3-3).

The lasehardware settings are given irable3-5.

Table3-5LAT Laser hardware settings

Laser 1 26 A
Laser 2 55A
Laser 3 60 A
Pulse Rate 99.84 Hz
Internal Gate Pulse Rate 1M Hz
Power Regulator 100%

For all scanning, the lasersbapedby the galvanometer asr@ctangular sheet at

the focal distance. The dimensions of this rectangle and the pattern used to draw
this rectangle are set by the user, however the thickness of the beam (the
dimension parallel to the Z movement plane) was kept constant at 5 um and the

scan speed was maintained at 1500 mm/s.
Stage

There are 4 sets of stage movement motors used in the LAT setup|élackecrew

driven linear actuators for the sampkY movement and for fine focusing of the
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camera, and a high precision Physik Instrunegiftl) Piglide air bearing linear stage
for sample movement in th&plane. The thre¢ead screwactuators are controlled

by the image capture software, and the PI stage is controlled by the task manager.
Camera and objectives

The camera is a FLIR Grasgf@p3 model camera, with 12.3 ME096*3000),
capable of 30 FPS captyand a SONY IMX253 full colour sensor. This is connected
to a Gmount microscope adaptor fitted with &positionturret, holding four out

of five available Mitutoyo infinity correctddng working distance objective lenses.
The available objectives are 1X, 2X, 5X, 10X, andAiperidix1l). This camera
microscope unit is mounted on a ZABERhnologies Inc.stage to enable fine

focusing of the objectives.
Software

The laser is controlled using software provided by the manufacturer. The
galvanometer is controlled using SPiiPlusSPC software (ACS Motion Control) that
also allows usedefined operation of the laser, galvanometer and x, y asthges

via scripts termedt NS OA LIS&a € & ¢ KS O lprogamdwrittendin ti@2 y i NP €
LABVIEW development environment (National Instruments) that allows- user
control of camera focus and acquisition parameters and connects to the
SPiiPlusSPC software to trigger sample movemeahtaser firing after each image

is takenFigure3-4.
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Figure3-4. Image of the user interface of & LAT image control software

Camera settings were varied between sample types and changéd@tb best

image individual samples rather than being kept constant.
Sample handling

The sample stage is positioned by & motors sat on top of th&stage. Samples

are held by magnetic clips that sandwich a portion of the sample, that then
magnetically locate to the sample stage. Multiple sized holders were designed with
different size channels to avoid excessive squashing of the root when holding.
Ovesized samples were either glued to the front of #tage omounted on a pin

or scalpel blade to suspend them in place.
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Scan settings

Scan settings were thoroughly optimized for each sample type and research goal.

Specific settings and workflows for each sample type are outlined below.
3.5.2Pearl millet roots

To section and image pearl millet roots a mgliep workflow was developed. This

formed the template for all further sample imaging.
Preparationof pearlmillet roots for LAT

Samples were mounted in the sample clips and placed on the stage. Using the
alignment laser and the brightfield light source the sample was positioned in the
field of view of the camera and in with the path of the ablation laser. The 5X
objective was used initially and to focus for all root samples. If the sample
exceeded the field of view, the 5X was used first and the process was repeated

using a larger lens size

Having selected the most appropriate sizgbjective lens usng recipe
oSlow_Focusshown inFigure3-5, the ablation beam is fired in a 16 mm widest
(beam width) 50 times (Reps), then the beam is fired again though for 30 reps, this
time not intersecting the sample having ablated or cut it, therefore illuminating it.
During this time the camera can be focused by adjusting ftssition relative o

the sample in the imager window. To keep the surface from shrinking away from
the laser due to the heat, after each illumination run the sample is moved forwards

(towards the path of the laser beam) by 2 um, and the process of ablation and
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illumination B repeated until the camera is in its most focused position for the

sample.
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sample progression to focus the sample

A distinction is made between the use of terms ablation and cutting. When
referring purely to sample ablation it is meant that the surface of the sample
progressed forwards does not exceed the thickness oftthHe & f6ddlRattangle

and that the entiretyof the sample region progressed forwards is destroyed, in

practice this was ~ 10unthough could be as low as 0.1u@utting is still an

ablative process, but the distinction is made where there is a significant portion of
sample on either side of the lasdéocus area (so much so that the sample is

bisected rather than just reduced).
Imaging of pearl millet roots using LAT

Once samples were correctly positioned, as many images as required could be
captured, spaced at any interval from one another usingegitthe 2D or 3D

imaging sequences.

Initially, following alignment, a single image was captured, reviewed, and either
repeated at a different position or accepted. This process was slow and relied on

0KS dzaSNB a2y GKS &Ll Gé¢ ibnaly)\obskrdatioh 2 F A
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showed that the first cut into a new root region often caused the generation of

various artifacts and areas of sample damage.

To overcome this and to speed up the process of locating and imaging a good

guality representative region, partially automated recipe was developed.

{GFNIOAY3I 6AGK | Odzi Ayid2 | FNBaAaK NBIAZ2Y
performed, followed by 5 sets of ablation and illumination 10 pum apart, with

images captured in sync with the illumination stepfie sample is then moved

forward 500 pum, and this process is repeated three times, giving a total of 20
images across 2.65mm of rqaisingthet t 2 £ A & K Y/ dzi @[ 2 Figlire NBE OA L
3-6.
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imaging and sampl@rogressing, repeated three times for imaging coverage

A standard laser width of 8 mm and 50 reps were used for the majority of samples,

though this was altered to impr@vimage quality for specific samples if needed.
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This automatic replicate system meant that rather than a single image potentially
containing image artifacts such as lateral roots or soil remnants, 20 images are
obtained quickly, many hopefully avoiding ptematic or nonrepresentative
regionsand image featuresuch as fluctuations in brightness, laser artifacts such
as burning or striped patterns, or biological artifacts such as lateralxddte 500

um gap between imaging sets was found to be sufficiermove past the majority

of regions containing mechanical or laser inflicted damage. A representative image

could be picked from the image set at a later time.

3.5.3 Pearl Millet leaves

Preparationof leaf samples for LAT

Pearl millet leaves were preparednslarly to the roots, with the same initial

camera and alignment settings, however in addition to the leaf sample being
mounted in the holders, a sacrificial leaf sample (normally the previously scanned

leaf) was positioned above the sample in a secoeddf holders. The 1X lens was

used as a start point rather than the 5X, and a beam width of 18 mm was also used.

la Ylye £SFT al YLX S&Slos F@&SS REPALISA & I @A R
increase the number of cutting replicates so that the whoidttv of the sample

could be moved under the path of the beam to cutHigure3-7)
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and sample progressing, repeated three times for imaging coverage

LAT sanningof pearl millet leaves

Leaves were scanned at thregagnification levels, 1X to image the whole leaf, 5X
for the midrib, and 10x for a portion of lamipas shown ifrigure3-8. Eachregion

had its ownimaging protocol.
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Figure3-8. Leaf imaging regiongA) Composite whole leaf image stitched from
multiple frames captured using 1X magnificatiomith boxes showing regions

imaged in B (left) and QRight) (B) Midrib leaf image captured using 5X
magnification, (C) Laminportion of leaf imaged using 10X magnification (50
images captured at 5 pitintervals, Scale Bar A=10 mm, B=1 dx().5mm

Whole leaf cross sections were scanned by tile scanniagtbe width of the leaf

with the 1X lens. Having cut the leaf using the laser to expose a clean surface, the
leaf was positioned so that the left edge of the leaf was in the left edge of the
frame, Using leaf recipe igure3-9), the leaf was imaged, then the sample was
moved 20000 steps (giving a ~15% overlap on the 1X), to the left (as well as up and
down if needed), and the recipe was run again. This was repeattican imaging

run had been completed on every part of the leaf from left to right.
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The magnification was then increased to 5X, and refocused tSiow_Focuson

the central midvein. Leaf recipe 3 was then used to take three polishing ablations

of 10 um, and five images with 10 um ablations in betwgdgure3-10.
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From these five images a single representative image was later selected.
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For the lamina section, the magnification was increased to 10X, and the third major
vascular bundle to the right of the midrib was positioned in the left of the image
frame. The camera settings were changed for the lens, then three 5 um polishing

ablations were made, then a series of 50 images with 5@nntervals were

captured usinghe recipe shown ifrigure3-11.
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Figure3-11. Leaf lamina portion 10X recipe

3.5.4 Gamagrass and maize roots

Gamagrass roots and maize roots were imaged using the same loopethge i
approach as pearl millet roots using the 5X lens, though with optimized camera,
and laser width slice thickness, and lasegpetition settings(8 mm, 20 um50

repetitions).
3.5.5Brachypodium

The brachypodium root, leaf, and stem samples all required specific adaptation of

the methods used previously.
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Brachypodium oot imaging

Samples were prepared and scanned in the same manner as pearl millet roots,
though using the 10X lens, adjusting tlarera settings, and adapting the method

to usea beam width ofLl2 mm,2 um thicknessablations and 20laser repetitions
Brachypodium leaf imaging

Leaves were stacked and scanned 3 samples at a time, with an additional later of
sacrificial leaf added abe. The 2X lens was used for these samples to image whole
leaf anatomy, with the recipen Figure3-10, capturing a set of five images. If any
portions of the leaf were out of frame this was run multiple times until all areas
were thoroughly imaged. This process was repeated using the 10X lens, focusing

on the midrib of each sample.
Brachypodium stem imaging

Stems were imaged with the 9bjective, using a layer of leaf positioned above
each sample and ablated and imaged using the pearl millet leaf 3 recipe to capture

5 images of each sample.

3.6 Image analysis

3.6.1 Pearl millet root quality assessment

The quality of the different whorl samplesaaived from the pilot year field trial
was assessed to determine future sampling strategies. A subset of 30 images from
each whorl/treatment combination were scored from5lbased on the level of
damage sustained during the harvesting, sampling, preparatand imaging
processes in order to determine the suitability of the methods. This was done using

the scoring system described Trable3-6.
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Table3-6 Root quality scoringscheme

Score Reason Example

1 Significant voids, damag
or artifacts within cortex

and stele

2 Significant voids, damag:
or artifacts only in the

cortex

3 Moderate voidsdamage,
or artifacts, limited to

<1/39 of the cortex

4 Minor voids, damage, o

artifacts
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5 Undamaged root

This was replicated with the Nottingham grown plants using 12 images from each

whorl/treatment andcompared to the results from the Senegalese samples.

3.6.2 Pearl millet leaf image processing and measurement

Whole leaf measurement

¢tKS 6K2tS fSIT AYlI3ISa ¢gSNBE adAUGOKSR | dzi:
stitching plugin developed by Preibisch et @009) using grid stitching with
unknown positionThis was incorporated into a macro to automatically stitch every

image set, set the image scale, and enhance niggie contrast.

For measurement, the image was cropped to half the leaf width including the full
midrib, for whichever half of the leaf was better preserved. Using FIJIs-pouri

tool, the midpoint of each major vascular bundle from the central vasduladle

of the midrib to the leaf tip, and the very end of the leaf tip, was annotated, and
the XY position was recorded. From this, leaf half width, number of major vascular
bundles (MVBSs), and distance between MVBs was calculated trigonometrically in

excel.
Midrib image measurement

Of the 5 midrib images captured, a single representative image was selected based
on appraisal of image quality, this was then processed using CLAHE to improve

contrast. In FIJI, the thickness of the midrib was measured with the line tool, and
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area and dieeter of the large metaxylem in major vascular bundles was measured

using the magic wand tool.
Lamina image processing and measurement

From the 50 lamina images, the 26th image was selected to represent the set,
unless the image quality or fluorescence wmor then an alternate image from

nearby in the stack was used.

Several traits were measured in FIJI from the representative lamina image; leaf
thickness at major, secondary, and tertiary vascular bundles was measured, as well
as height of 3 central bulirm cells from the adaxial surface, 3 peripheral
bulliform/adaxial epidermis cells, and of three abaxial epidermal cells. The width
of every vascular bundle in the imaged portion of the leaf was also measured,
which also provided the midpoint of each vakr bundle, giving the distance

between vascular bundles.

To count and measure stomatal files a macro was used to compress each sample
image stack into a representative median image of the whole 250 um scanned
region. From the median projection imag&pmatal files were made more visible
(Figure3-12), andevery stomatal file was counted using the multi point tool on the
adaxial and abaxial surfacgiving a count of stomatal files for each surface, and

the distance between each file.
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Figure3-12. Median projection of50 pearl millet leaf lamina imagegaken 5 pm
apartin the Zplane, with asterisk markingnore prominently highlighted stomatal
files

3.6.3 Gamagrass and maize root image analysis

Gamagrass and maize images were measured manually in FIJI, following CLAHE
processing using default settingikhe wholeroot, cortex and stelevere measured

using the polygon selection tool, giving measurements of area, perimeter, and min
and max diameter. Number, total and mean area of metaxylem and aerenchyma
were measured using the magic wand tool. The number of cortical cell layers were
counted from the first layer radially outwards from the endodermis to the

epidermis.
3.6.4 Brachypodiumimage analysis

Roots were measured manually using FIJI following default CLAHE adjustheent.
wholeroot and stele area, perimeter, diameter and centroid wareasured using
the ellipse tool. Metaxylem size, number, and centroid were measured using the

magic wand tool. The distance between individual metaxylem centroids and the
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stele centroid for each sample was calculated trigonometrically in excel. Leaves

andstems were not measured.

3.7 Development of root anatomical analysis software

3.7.1Training set generation

Training set images

Whorl four roots from the 2018 Senegal field trial were imaged using the described
LAT methods above. Following image acquisition, aesingage was selected per
replicate, based on the described curation procedure. This provided 348 images,
193 from the wehlwatered treatment plants, and 155 from the drought stress
treatment plants. Of these, 100 from each treatment were selected; first by
excluding any images that had damage clearly caused by the sample preparation
or scanning methods, secondly by removing images of roots too large for the image
size, images taken using other than the 5x objective, and images of insufficient
quality, and inally selecting images at random for removal if a large number of

highly similar images were already present until a set of 100 images was reached.

¢CKSAS AYlI3ISAa 6SNBE  KSBhhdelidvRaD 261H SK K tzif O$ 3
f20Ff O2y UGN &adGé o6/ ['1 90 (22t od@niBhE RSTFI
256, Maximum slope: 3.00, Mask: *None*, Fast), to create a second set with more

clearly visible cortical cell walls.
Training set segmentation and annotation

To produce annotated root images a seawitomatic software tool, CellS¢Pound

et al., 2012b)was used. For segmentation the CLAHE processed images were used.
Images werdoaded in CellSeT in the blue channel option, then default filters were
applied. At the automated segmentation stage default segmentation was tested,
and if an appropriate amount of cell walls were detected, this was then used as a

starting point. Howeverin the majority of cases, default segmentation significantly
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under detectedcell walls, especially within the stele and endodermis. To address
this, global manual watershed thresholding was used. The lower the threshold
used, the more predicted cells weefound, and vice versa, adjusting the threshold
between 110 for most images allowed for identification of the most accurate
threshold value approach to minimize manual correction time. In most cases, a
threshold value of 3 was found to be most suitabléis resulted in a significant
overestimation of cells, but the correctly identified cell walls were often
segmented accurately and removing extraneous cell wall segmentation manually

was faster than adding in unsegmented walls.

At the network refinement stage cell walls were manually removed or drismn

the segmentatiorto better represent the root anatomy.

In order to do this, several compromises had to be made in how the root is

represented in the segmentation:

1 Roothairs were excluded from epidermal segmentation.

1 Individual stele cells could not be segmented so large vascular cells were
drawn around, and supporting stele cells were drawn in as borders.

1 Atrtificial subdivisions of aerenchyma had to be added for so#vsare and
number of cell borders limits, remnants of lysed cells also often remained
in aerenchyma.

1 Endodermis was not always clearly depicted, so was segmented as

accurately as possible, or drawn in cell by cell at the correct position.

Once the manualafinement was completed, snake refinement parameters were
set, for most images these were Node spacing: 8, Curvature: 1, Continuity: 8, and

Image Weight: 5, though on occasions this failed, snake refinement was skipped.
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Once the segmentation was completeach segmented cell could then be
annotated. This was done by assigning each cell to one of nine classes: meta
xylem, stele cell, vascular bundle, endodermis, cortical cell, void, aerenchyma,
cortical sclerenchyma, and epidermis. Once each cell was atatht
measurements, cell maps and masks were exported. In CellSeT, by enabling a
modified version of the nuclei plugin and outputting the thresholded images
without suppressing walls, a simple recoloured mask of the annotation without the
underlying origial image is produced, this is the final output for deep learning

training.
Training set expansion

Upon generation of the training set, the original images can be augmented,
artificially increasing the size of the training set. This was done through ootati
contrast enhancement and degradation, addition of noise, rotation and reflection.

These processes increased the size of the training set from 200 to 1200.

Post model deployment (Model version Epoch44Cortex), and processing of a
selection of 2021 fieldmages, areas of poor performance were identified. 10
images that performed badly and had common problematic features were
identified. These included a large number of aerenchyma, voids and damage,
scattered laser reflection, burning, laser shadow, latemdt emergence, high
presence of cellular contents and cell end wall reflection. These supplemental

images were annotated as describgebviously andadded to the training set.

3.7.2Model development

Network training

A deep learned neural network was trainemrecognize the 9 tagged cell types in
the pearl millet root images. The segmentation masks and the original and

augmented LAT images were provided to the model for it to learn how to recognize
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the different cell types. Thieigh-resolutionimages (4096*300 px) acquired by the

LAT however make this challenging as processing large images is highly
computationally demanding. To address this, images were tiled and subsampled
into 4x4 1024*750 px regions. This significantly reduces the VRAM requirement for
modd training without a significant decrease in accuracy, however the smaller the
tile, the greater the loss of context for specific cell annotation and the introduction

of additional edge effects. To address this, cross talk (XT) is to the network,
allowingfor a global perception of tile context, enabling greater accuracy in cell
identify prediction. Through testing of the optimal network tiling ascrdsstalk
configuration in order to optimize accuracy with regard to VRAM usage was

conducted.

Due to the hgh image quality and the level of resolution being largely superfluous
to the level of trait quantification, images were also downscaled to 0.5 of the

capture image size.

During training the input images were augmented to artificially increase the size of
the training set. These augmentations include brightness, random pixel value
modulation, contrast adjustment, CLAHE, brightening and dimming of image

sections, cortex darkening and brightening, flipping and rotation.

The network was created using the Pydfomachine learning framework using a
combination of Python and C++. Unsupervised training and model generation was

run using the University of Nottingham Augusta High Performance Cluster.
Model testing

As a highly iterative process, and by nature of beimsupervised, specific

adjustments could not be readily made to models, however supplementation and
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adjustment of the training sets, and rules imposed on classification methods could
be added.

As a result of this, objective assessment of model qualitg accuracy is
challenging. Sgrensebice coefficient values could be calculated for the model
based on the similarity of outputs to the holdout or training set, however this may
not be a representative assessment, as accuracy on certain cell typeseggn

the calculation more heavily than others and or the training sets may provide an

imperfect yardstick for quantification.

At various stages, additional rules were imposed on the networks classification
system based on knowledge of root anatomy in areaipt to limit erroneous

annotations. These told the network that the stele was inside a ring of endodermis,
that metaxylem and vascular bundles, were within the stele and of a certain range
of sizes, that aerenchyma was within the cortex, and all cellswsthin the

epidermis. However, adding these constraints to the model caused accuracy to
decrease and for the model to crash frequently so they were removed, relying

instead on improving the quality of the training set.

Theability to retrain modelsvas adled to the final deployable version of root scan.
The inputs for modelkraining, being a folder of images, a folder of files of
annotations of the image set, and a validation/hold out set of images and

annotations.

The model trains in epochs, reviewingceamage in the training set each epoch,
and runs 600 epoch iterations. Every" ®poch, the model compares its
segmentation and annotation accuracy to the holdout set, reports its DICE score,

and records the best current model.
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Model implementation

The fnal version of the modeb BarkCortexTraining53DatasEpoch334), was
trained on6/3/23, using a training set of 206 images. This was trained on a RTX G
force 4090 graphics card with 36 GB of VRAM.

3.7.3 Software deployment
Image output measurement
Measurement of the segmented output of the model was conducted by the

software. Traits of interest were cell type areas and topology, and metaxylem and

vascular bundle count.

Initial versions of the measurement provided a greater list of metrics thafinaé
output, however a large number were removed due to redundancy or for

simplicity.

Various measurements were tested for reliability, utility, and representativeness
of the original image, and the final measurements to be used by the software are

givenand generated as describedTiable3-7.

Table3-7 Example neasurements exported by ROOTSCAN, and the method of

measurement
Measurement Method of generation
Xylem Total Area Sum of tdal area tagged as metaxylen
Xylem Number Count of metaxylem tagged pixel are¢

greater than900 and less than 200000
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Vascular bundlenean area Mean area of all vascular bundles

CortexCircle Area Bounding circléased on mean radius ¢
outermost centroidsof cortical cells

Stele area Convex hull ofcentroids of the 80%
(User defined) oktele cells closest tt
the stele centroid

Root Pixel Area Sum of area of alpixels in the image
annotated as root and aerenchyma

Data generation

To process input images in the software an input folder of images and an output
folder is selected. The images are then processed in batch, running through each
image in thefolder individually, exporting a segmented annotated cell mask, two

sets of overlay images showing the fitted circle and the convex hulls of the cell

layers, and the measurement sheets.

These measurements are exported as CSV files by ROOTSCAN, eaclageot im
generates a file of metaxylem measurements, vascular bundle measurements, and
whole root measurements. Additionally, a running list is produced with a summary

row for each image processed in the run.
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3.8 Results

3.8.1 Pearl millet

Nottingham line selection

Sceening of the five pearl millet varieties available showed that the most suitable
line for use in further Nottingham experiments was-&E5. This line provided
usable material for methodlevelopment andserved to validate the methods

developed for peanmillet anatomical investigation.

These methods produced consistently analyzable images, of roots and leaves,

though occasionally struggled to perfectly preserve and captiieeanatomy of

thickerstemsamples as seen ifrigure3-13

Figure 3-13. Representative images opearl millet organs Sanned using the
methods developed in 3.5.2, and 3.5.3A), Pearl millet stem from internode
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immediately beneath panicle, (B) Fourth whorl crown o) Flag leaf midrib,
Scale bars: A~mm, B&C4 mm

Using the root images from the Nottingham trial, ROOTSCAN was tested in its
ability to accuratelysegment measure and annotate images of plants grown in
different conditions, and in how well it handled roots of different whorls and
magnificationsThe outputs ofFigure3-14, show that ROOTSCAN was accurate in

its annotations in a range of conditions and that it could be usaasferrable

Input Circle_approx Convex_Hull Processed

Treatment: STR
Root Class: W2
Magnification: 10X

Treatment: ETM
Root Class: W3

Magnification: 5X

Treatment: ETM
Root Class: W4
Magnification: 5X

Treatment: STR ‘
RootClass: Tl

Magnification: 5X

~

Figure 3-14. Paneled image showing the Outputs from whh¢ { /! bQa
measurements of different whorlgrom the Nottingham grown samplesimages
organized into table showing the input images and three types of output from
ROOTSCAN for four different adventitious root classifications under two different
treatment goups. STR: Water stressed, ETM: Wellered, Magnification:
Mitutoyo lens used on LAT camera, Circle_approx: circle approximated by
ROOTSCAN based on mean distance from outermost cell layers cell centroids to
root centroid, Convex_Hull: polygon outlinitige outermost cell layer of each cell

type, Processed: Segmented and recolored image produced by ROOTSCAN
representing the identified cells in the sample image.

Scoring the Nottingham grown pearl millet roots of different whorls showed that
the preparation methods were largely suitable for all root classes, with the highest

range of samples with scanning issues being well watered tiller Figtge3-15).
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These issues arose primarily as a result of soil adhesion or sample size limitations

at the drying stage.

Nottingham Sample Quality
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Figure 3-15. Nottingham grown root imagequality scores Stacked Br chart
showingthe distribution of sample quality image scores for the different whorls
and treatments of pearl millet crown rootsbtained from the Nottingham grown
plants scoringsystem described ifable3-6 (1: Totally damaged unusable ropt

5: Perfectly preserved rogtETM = Well watered, STR = Water stressed

Senegal field trial vinorl selection

Screening of the Senegalese pilot year padllet root samplemagesfor sample
integrity and quality showed that the most consistently higlnality root sample
class was whorl foufFigure3-16). The majority ofwater stressed whorl twand

three roots had sustained at least large regions of damage taahtex, and many

had sizeable stele artifact3 he tiller roots often also showed significant damage
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to the whole root sample, in both the stele and the cortex. WHarbots were very
infrequentlydamaged in a region larger than 19®f the cortex, andn the welt
watered and water stressed indiwdls had the first and second largest number of

completely undamaged samples respectively.

Senegal Sample Quality
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Figure3-16. Senegal grown root image quality scor8tacked Bar chart showing
the distribution of sample quality image scores for the different whorls and
treatments of pearl millet crown roots obtained from the Senegal field trial pilot
year, Scoring system describedTliable3-6 (1: Totally damaged unusable rapb:
Perfectly preserved rootETM = Well watered, STR = Water stressed

3.8.2 Gamagrass and Maize

Of the 683 gamagrass and maize samples provided, a total of 136b0mages
were captured using themethods described ir8.6.3 and a single imagewas

selectedand measured for each sampléhese were 97 gamagrass root images
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from objectivetwo, 298 gamagrass images fronbjective three, and288 maize

images from objective three.
Effect of drought on gamagrass root anatomy

The gamagrass samples obtained from objedtive showed that there wereery
few (3/60) significant anatomical differencebetween the different water
treatments, across most of thdifferent soil mesocosm@-igure3-17). There vas
a slightly highemumber of significant difference when comparinganatomic
differences between mesocosm within treatmeni13(300), but at a lower
occurrencenvhen considerig the number of testdMetaxylem number and cortical
cell layer number were the most significantly variable trail¢herethere were
significant traitdifferences, roots§rom the WEL(soil from highest rainfall level)

mesocosms tended to hawmaller area, diameter, and number values
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Figure3-17. Effects of water stress and mesocosm source on gamagrass crown
root anatomical traitsGamagrass grown in 6 different messms containing soil

from sources contrasting in annual rainfall (TRI=18 in, SVR=19 in, HAY=24 in,
KNX=33 in, CWR=37 in, WEL= 40 in), grown undematdted and water stressed
conditions,Blue bars = control wellatered conditions, Red bars = Water sse
treatment, Mean values showm= 8,Error bars = Standard deviatiddpmparisons

given are2-way ANOVA with Tuk€ya Ydzf GALX S coectiah, NRA a2y

calculated in Prism 9 (GraphPadgporting differences only either between
different soils of the same water treatment or between water treatments in the
same soil Significant difference$=P<0.05, *=P<0.0¥**=P<0.0QL

In thegamagrass objective three dataigure3-18), there is also a very low number
of significant differences imnatomical traits when comparing between water
treatmentswithin the same microbiome treatmer{i4/240) thoughin four of ten
of the trait comparisons there is a significant anatomical differang#ants grown

with a WEL derived community
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Figure3-18Effects of water stress and microbiome gamagrass root anatomical

traits, Gamagrass root anatomy of plants grown in sand inoculated with 24
different microbe communities (derived from soil collected from 6 different
locations contrasting in rainfall (TRI=18 in, SVR=19 in, HAY=24 in, KNX=33 in,
CWR=37 in, WEL= 40 in) following a period of gamagrass host (G) or free living
adaptation (N) in combination with wellatered (W), or water stressed (D)
adaptation), grown under wellvatered and water stressed conditiorBlue bars =
control wellwatered onditions, Red bars = Water stress treatmdvigan values
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