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Physcomitrella patens is an attractive model system for comparative analyses of leaf development because
it evolved leaves (phyllids) independently to flowering plants, yet its genome contains homologues of many
gene families that regulate angiosperm leaf development. In addition, P. patens phyllids are primarily a
single cell layer thick, making it simple to identify the cellular basis of defects that perturb shape.
Identification of gene functions in shape determination depends on like for like comparison of mutant
versus wild-type plants. Here we show that, if heteroblasty is not perturbed, such comparisons should use
phyllid L13 or above in the heteroblastic series, and fully expanded phyllids above P7 in the developmental
series. Using a quantitative approach, we show that heteroblastic size variation reflects differences in cell
proliferation rather than cell size and shape. A comparison of control to pinA pinB mutant phyllid
development verifies that PIN proteins promote cell proliferation and suppress expansion to determine
phyllid shape. The results and approach that we have generated will be applicable to any study of P. patens

phyllid development to reveal the cellular basis of phyllid size and shape variations.
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Aphanoregma, Physcomitrella, phyllid, pinA pinB, leaf evolution, evo-devo.

Main text

Introduction

The plant evo-devo field aims to identify genes underpinning the radiation of diverse forms during
evolution (Harrison, 2017). Leaves and leaf-like organs have evolved multiple times and fulfil
photosynthetic functions during plant evolution (Tomescu, 2008; Harrison and Morris, 2018). Whilst the
leaves of vascular plants develop in the diploid sporophyte stage of the life cycle, the phyllids of mosses
and liverworts develop in the haploid gametophyte stage of the life cycle, and these groups evolved leaves
independently (Harrison and Morris, 2018). Moss phyllids each develop from a single cell cleft in a spiral
pattern from the gametophore apical cell (Parihar, 1967; Harrison et al., 2009). The phyllid apical cell then
cleaves in a herringbone pattern thus establishing the proximo-distal and medio-lateral axes of phyllid

development, and later divisions extend both axes independently of the activity of the phyllid apical cell
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(Harrison et al., 2009). The resultant phyllid is oblanceolate, and except at the point of midrib insertion is a
single cell layer thick (Parihar, 1967; Harrison et al., 2009). This property makes moss phyllids an attractive
model system for understanding how the activity of genes translates via cell growth and division into
overall organ form, particularly since is possible to image all the cells within a phyllid as it grows (Harrison

et al., 2009).

Reverse genetic approaches in Aphanoregma patens have started to identify genes that regulate phyllid
development in mosses to address questions about the genetic mechanisms underlying convergent leaf
evolution. Whilst some genetic mechanisms for leaf development are not shared between mosses and
flowering plants (e.g. (Sakakibara et al., 2008)), many are. These include TONNEAU genes (Traas et al.,
1995) which regulate microtubule activity and phyllid expansion (Spinner et al., 2010), PIN genes (Galweiler
et al., 1998, Scarpella et al., 2006) which regulate phyllid width (Bennett et al., 2014; Viaene et al., 2014)
and HD-ziplll genes (Talbert et al., 1995; McConnell and Barton, 1998; Prigge et al., 2005) which regulate
the proximodistal axis of phyllid development and phyllid margin integrity (Yip et al., 2016). These genetic
data suggest that many similar mechanisms have been independently recruited to regulate leaf
development in mosses and flowering plants. Further Aphanoregma mutants such as ftsZ (Anja et al., 2009)
and RecQ (Wiedemann et al., 2018) have phyllids that are smaller than in wild-type plants or have split tips
respectively. Analyses of mutant phyllid phenotypes are to date qualitative and at the whole organ scale, so
do not reveal the cellular basis of mutant phenotypes. This makes it hard to draw comparisons between
wild-type and mutant plants or between studies (e.g. Spinner et al., 2010, Bennett et al., 2014, Viaene et
al., 2014, Yip et al., 2016). Furthermore, Aphanoregma phyllids develop in a heteroblastic series (Barker
and Ashton, 2013) and different studies have intercepted this series at different points in development. For
these reasons, we have undertaken a quantitative analysis of phyllid development in Aphanoregma and
developed a simple approach to enable rigorous quantitative comparisons of phyllid phenotypes in wild-

type and mutant plants.

Materials and Methods

Plant growth and sample preparation
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The Aphanoregma patens Gransden strain was used in all experiments except for control versus mutant
phenotype comparisons, which used pinA pinB mutant strain and a GH3::GUS strain used to engineer the
pinA pinB mutants (Bierfreund et al., 2003; Bennett et al., 2014). All plants were grown as spot cultures on
BCDAT plates as described elsewhere (Whitewoods et al., 2018). Phyllids were removed and laid out on
plates containing 0.8 % agar in heteroblastic series counting from the gametophore base. Phyllids L3, L10,
L14, L16, L18, and L20 were selected from each heteroblastic series and soaked in 1% chloral hydrate.
Cleared phyllids were rinsed with de-ionised water three times and transferred to 2 M NaOH for 2 h. They
were then rinsed and stained in toluidine blue prior to mounting under a coverslip with the abaxial side of

the phyllid lying flat against the slide (see supplementary protocol).

Microscopy, image capture and image segmentation

Phyllids were imaged using a Leica DMRXA microscope with a 20 x objective. Length measurements were
made from the tip to the base along the midrib, and width measurements were made perpendicular to the
midrib at the widest point of each phyllid. Images were further processed with Imagel (Schindelin, et al.,
2012) to generate a map of all cell outlines within the phyllid, and the length, width, area and aspect
(length to width) ratio of all cells was measured using Image) (see supplementary protocol). Using QGIS
software (QGIS Development Team, 2017), these metrics were plotted back against cell maps of each

phyllid to visualise cell shape trends within and between phyllids as heat maps.

Results

Heteroblastic variation in phyllid length reflects cell division, not expansion

To quantify patterns of phyllid development, the five largest gametophores were teased out from five
different 6 week-old plants (n = 25 in total). Phyllids were removed from each gametophore, arranged in a
heteroblastic series and measured as described in the Materials and Methods section. Length
measurements were found to progressively increase to a maximum at phyllid L13 (Figure 1A), and thus
subsequent fully expanded phyllids in the heteroblastic series had a similar length (Figure 1A, Table S1).

However, phyllid length decreased towards the gametophore apex from P7 to P1 due to incomplete
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expansion (Figure 1B, Table S2). To investigate the effect of cell size and shape on phyllid size, we mapped
the outline of cells in fully expanded phyllids throughout the heteroblastic series (Figure 1C). Quantitative
analyses of cell number per phyllid, cell length, cell width, cell area and cell aspect ratio supported previous
analyses showing that the increase in phyllid length in a heteroblastic series reflects an increase in cell

number rather than cell length increases (Figure 1D-H, Table S3).

Cell shapes are heterogeneously distributed

To identify the cellular basis of differences in phyllid size and shape, we first plotted the distribution of
guantitative cell shape measures against phyllid cell maps using QGIS software (Figure 2A-D). This analysis
revealed a proximo-distal gradient in cell length, with high cell lengths in cells at the base and margin
(Figure 2A). There was a decrease in cell width from the base of the phyllid to the tip, but marginal cells
were the narrowest (Figure 2B). Cell area decreased from the base to the tip of phyllids (Figure 2C). In
contrast, cell aspect ratio increased from the midrib to the edge of the phyllid, with a slight decrease
towards the tip (Figure 2D). Thus, cells in different regions of P. patens phyllids had different quantitative

attributes.

Multivariate analysis distinguishes three phyllid regions with distinct cell shapes

To determine whether the quantitative measures above were sufficient to distinguish phyllid regions with
different cellular identitities, we performed a multivariate analysis using K means cluster analysis (Figure 3).
This identified three highly supported cell shape classes in all samples (Figure 3A and 3B, Table S4). The
spatial distribution of shape classes was plotted against phyllid cell maps using QGIS software. Whereas
cells at the base of the phyllid were long and broad, cells at the edge were long and narrow, and cells a the
top were shorter and narrower than cells at the base (Figure 3B, 3C). There was no difference in the cell
shape distribution or the proportions of each cell type between phyllids within a heteroblastic series. Thus

heteroblasty reflects differences in cell number, not cell shape and size.

Comparison of control with mutant phyllid phenotypes
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Aphanoregma pinA pinB mutants have defective auxin transport and previously identified phyllid defects
(Bennett et al., 2014; Viaene et al., 2014). To determine whether a quantitative approach would be useful
in mutant phenotype characterisation, we compared pinA pinB mutant development to development in a
GH3::GUS line used to engineer the pinA pinB mutant (Bierfreund et al., 2003; Bennett et al., 2014). To
identify any heteroblasty defects in mutants, we first measured phyllid lengths (Figure 4A, Table S5). Whilst
pinA pinB phyllids were longer than GH3::GUS phyllids, both lines reached a maximum length by phyllid L13
in the heteroblastic series (Figure 4A, 4B). Further analyses between genotypes compared the number of
cells and mean cell length, width, area and aspect ratio in fully expanded phyllids. This revealed that pinA
pinB mutants have fewer cells per phyllid than GH3::GUS plants, and that cells are longer and larger with a

similar width in mutant versus GH3::GUS plants (Figure 4C, Table S6).

To investigate the effect of genotype on cell shape, size and number in different phyllid regions we applied
the multivariate analysis and clustering approach described above to data from mutant and control
phyllids. This showed fewer cells in the top phyllid region in pinA pinB mutants compared to GH3::GUS
plants and slightly more cells in the edge region (Figure 4D, 4E). The base region had comparable cell
numbers. While there was no significant overall difference in cell area, cells in pinA pinB mutant phyllids
were slightly but significantly longer than cells in GH3::GUS lines (Figure 4D, Table S7). Comparison of
phyllid regions showed that cells from the edge and top regions in pinA pinB mutants were slightly larger
than equivalent cells in GH3::GUS plants (Figure 4D), and pinA pinB mutants had significantly wider cells in
the edge region and narrower cells in the top region with correspondingly altered aspect ratios. Cells in the
base region were unchanged in both width and aspect ratio in pinA pinB mutants compared to GH3::GUS
plants. The differences above were clear from heat maps plotting quantitative data and the output from
cluster analyses (Figure 4E). These data suggest that phyllid size and shape differences in pinA pinB mutants
are due to a small global increase in cell size and a reduction in the number of cells in the top phyllid region

(Figure 4E).

Discussion

The data above show that simple quantitative measures can be used to highlight the cellular basis of
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differences in phyllid shape and size between control and mutant P. patens plants. A previous analysis of
phyllid development documented an increase in length through the heteroblastic series and increasing cell
number per phyllid correlating with progression through the heteroblastic series up to L10 (Barker and
Ashton, 2013). By further sampling we found that phyllid length and cell number per half phyllid reach a
maximum by phyllid L13 in the heteroblastic series. Our analyses also show that, regardless of size or
position in the heteroblastic series, phyllids contain three quantitatively distinct populations of cells.
Differences in phyllid size and shape reflect cell proliferation rather than cell expansion and cell shape
change. Thus, future studies wishing to draw like for like comparisons of phyllid development should rule
out heteroblastic defects and select phyllids L13 or above from the heteroblastic series and P8 or above
from the developmental series, and the quantitative approach that we have developed may be helpful in

characterising the cellular basis of mutant phenotypes.

Previous analyses have shown that the plant hormones cytokinin and auxin regulate phyllid size. Whilst
cytokinin promotes medio-lateral and proximo-distal proliferation, auxin suppresses medio-lateral and
proximo-distal proliferation and promotes anisotropic growth (Barker and Ashton, 2013). pinA pinB
mutants show similar phyllid phenotypes to normal plants treated with exogenous auxins (Bennett et al.,
2014; Viaene et al., 2014), suggesting that PIN function is normally required to drain auxin from the phyllid
and confer phyllid shape by regulating the interplay between cell proliferation and growth. Here we have
refined this analysis to show that pinA pinB mutant phyllids have fewer cells in the top region, suggesting
that the role of PIN and auxin for cell proliferation may be localised, whereas its role in regulating cell
expansion is broader. The combination of simple hormonal inputs with the ability to understand
development at the gene, cell and organ scales makes the P. patens phyllid an attractive model system for

future analyses of mechanisms underlying organ shape determination in plants.
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Figure 1: Heteroblasty reflects differences in cell number in P. patens, and phyllid length reaches a
maximum by L13. (A) The mean length of phyllids in heteroblastic series. (B) The length as a proportion of
the maximum of phyllids in developmental series. (C) Cell outlines segmented from representative phyllids
in a heteroblastic series, with the position in series denoted. Scale bar = 0.2 mm. (D-H) Quantitative
analyses of half phyllid cell numbers (D), cell length (E), cell width (F), cell area (G) and cell aspect ratio (H)
showed that phyllid length varied in proportion to cell number. Error bars represent standard deviation and

differences supported by ANOVA with p values < 0.05 are noted above graphs.
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Figure 3: Multivariate analysis identified three phyllid regions with distinct cell shapes. A) Multivariate
analysis distinguished three groups of cells on the basis of length, width, area and aspect ratio. Arrows
illustrate the effect of changes in each variable. B) Cells with elongated (edge), small (top) or larger (base)
shapes representing each cluster were identified. Scale bar = 20 um. C) Cell maps of phyllids L3, L10, L14,

L16, L18, L20 showing the distribution of edge, top and base cells. Scale bar = 100 um.
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Scale bar = 20 um. (C) Cell metrics of wild-type and mutant phyllids calculated from phyllid L16-L20 in the
heteroblastic series. * indicates significant differences in t-test with p values < 0.05. (D) Output of
multivariate analysis showing that pinA pinB mutant phyllids differ from wild-type phyllids in the number of
cells in the ‘top’ region of the phyllid. Cells in each region were identified by their shape attributes, and as
expected no differences in area, length, width or aspect ratio were detected. Error bars represent standard
deviation. Differences supported by ANOVA with p values < 0.05 are noted above graphs. (E) Distribution of
cellular attributes in wild-type and pinA pinB mutant phyllids. Colour scales as in Figure 2 and Figure 3.

Scale bar =20 um.
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Supplementary data

Table S1

Table S2

Table 51: The length of phyllids at different positions
in heteroblastic series
Phiyllid pasition in Mean phyllid length in pm %
heteroblastic series | standard deviation (n = 25)
L1 GFr5+ 219
LZ 923 + 167
L3 1116 = 197
L4 1382 £ 239
LS 1563 = 226
LG 1825 £ 191
L7V 1988 + 213
L3 2146 £ 174
LS 2260 £ 167
L10 2373 £ 194
L11 2432 £ 184
L1z 2525+ 157
L13 2566 £ 172
L14 2544 + 207
L15 2575 2 162
L1& 2556 £ 195
L17 2571 + 236
L1& 2586 = 202
L149 2572 £ 187
L20 2560 + 160
L21 2565 + 185
L22 2542 174
L23 2576+ 159
L24 2612 £ 158
L25 2630 £ 101

Table 52: Wild-type phyllid lengths by plastochron counting away from the apex of 25 gametophores
Phyllid position counted back | Mean phyllid length in um £ | Phyllid length as % of longest phyllid +
from apex standard dewviation (n = 25) standard deviation (n = 25)

P 119.78 £ 32,77 4.47 £ 1.06

Pz 240.1 £ 97.15 B.85 % 3.35

P3 524.55 £ 187.37 19.6 £ 6.3

P4 1051.64 £ 224.63 39.64 + B.38

P5 1703.94 + 287 .95 G4.26 + 10.92

PG 2276.21 £ 259.86 85.61 £ 7.41

Py 2486.85 £ 187.95 93.61 £ 4.08

P8 2506.38 £ 181.53 94.36 £ 4.21

P 2509.71 + 205.9 94,39 £ 3,43

P10 2529.92 £ 198.94 95.17 £ 3.37

P11 2509.75 £ 177.45 94,53 £ 4,73

P12 2526.86 £ 197.87 95.05 £ 3,58

P13 2496.93 £ 229.53 93.88 £ 4.74

P14 2490.55 £ 262.99 93.56 £ 5,78

P15 2513.99 + 288.17 94.29 + 6.14
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Table S3
Table 53: Cell shape metrics of phyllids at different positions in heteroblastic series.
Phyllid Mean cell , ) . )
o ) Mean cell length in | Mean cell width in | Mean cell area in | Mean cell aspect
position in numbers in half

heteroblastic
series

phyllid £ standard
deviation (n = 5)

pm + standard
deviation (n = 5)

pm + standard
deviation (n = 5)

um? + standard
deviation {n= 5)

ratio £ standard
deviation (n = 5)

L3 81 +2 88+ 9 25+ 1.7 1618 + 241 4.3 +0.4

L10 222 + 33 95 + G 25+ 1.7 1751 + 248 4.8 £ 0.1

L14 311 £ 45 971 + 4 23+ 0.5 1597 + 126 48202

LG 301 = 33 91 + 6 232 0.6 1545 + 136 49+03

L18 310 = 52 971+ 5 23203 1567 + 94 48203

L20 326 + 28 87 +7 23+ 1.0 1479 + 123 4.6 0.4
Table S4

Table 54: Base Edge and Top cell shape metrics in phyllids
sampled from different points of heteroblastic series

Mean cell area (um?) + standard deviation per region in each

phyllid (n = 5}
Phyllid base edge top
L3 3037 + 449 1961 + 135 1266 + 104
L10 3355+ 211 1516 + 104 1265 + 585
L14 3343 £ 138 1671 + 265 1168 + 844
L16 3349 + 236 1619 + 1495 1099 + 956
L18 3230 + 289 1596 + 185 1134 + 429
L20 3055 + 158 1516 + 234 1114 + 462

Mean cell length (um)+ standard dewviation per region in each leaf

in heteroblastic series (n = 5)

Phyllid base edge top
L3 130+12 135+ 11 T4+ 3
L10 131 + 16 140 £ 9 442
L14 135 + 58 143 £ 7 V243
L16 133 + 37 140 £+ 7 71+ 4
L1a 132 £ 11 139 +12 T2+ 3
L20y 124 + 46 135+ 10 70+ 4

Mean cell width (um)+ standard deviation per region in each leaf

in heteroblastic series (n = 5)

Phyllid base edge top
L3 31 +£0.1 22 + 0.7 23 0.1
L10 34 £ 0.5 17 £ 0.7 23 £0.1
L14 33+ 0.7 17 £+ 0.6 22 +0.3
LG 34 £ 2.0 17 £1.0 21 £0.5
L18 33 +£0.5 17 +£0.9 21 0.4
LZ20 34 £ 0.5 16 £ 0.8 21 £0.5

Mean cell aspect ratio * standard deviation per region in each
leaf in heteroblastic series (n = 5)

Phyllid base edge top
L3 5.0+ 0.4 8.1 +0.8 3.7 £ 0.0
L10 4.5 + 0.4 11.7 £1.3 3.7 £ 0.2
L14 4.7 £+ 0.5 11+ 1.5 3.7+ 0.2
L16 4.7 £ 0.4 10.7 £ 0.6 3.9+0.3
L18 4.6 + 0.4 10.6 + 1.1 3.7 +0.2
L20 4.3 +£0.3 10,9+1.2 3.7 0.2
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Table S5
Table 55: The length of phyllids at differant positions in heteroblastic series of GHIGUS and pind pinf mutant lines
Phyllid position in Length of phyllids in GH3=G0S line (pm) | Length of phyllid in pind pind line (um) +
heteroblastic senes + standard deviation {n = 5} standard deviation (n= 5}
L1 811 + 186 815 = 282
L2 107% + 262 1257 + 419
L3 1237 + 185 1631 + 449
L4 15594 + 345 1823 + 368
L5 1756 £ 319 2091 £ 299
Li 1938 + 431 2315 = 438
L7 2115 + 475 2366 + 475
LA 2161 + 424 2561 + 380
L9 2269 + e 2619+ 379
Lid 2385 + 309 28650 = 408
Li1 2623 + 283 2950 + 310
L2 2668 + 352 3092 + 359
L13 2845 + 521 3187 + Fod
Li4 27ES £ 278 3270+ 223
Li5 2887 + 373 3198+ 179
L1& 3025 + 298 3203 + 411
L17 2840 + 269 3330+ 245
Lig 2932 + 178 3423 + 530
Lig 3010 = 203 3107 £ 289
L2 3052 + 252 3275+ 180
L21 047 + 314 3297 + 339
L2z 28550 + 135 3444 + 237
L23 2812 £ 270 3383 £ 213
L4 3042 + 191 3428 + 32@
L25 2996 = 140 33350 = 280
LiG IMe+174 3466 + 323
L27 3045 2 83 3214 £ 553
L2g 2974 £ 157 3397 £ 499
L25 29831 174 3461 £ 477
Table S6
Tabbe 56: Call shape metrics in GHI:GUS and pind pinB mutant phyllids,
Mean cell area | Mean cell length | Mean cell width | Mean cell aspect
Mumber of cells per half | (um®) + standard | {(um) + standard | (ym) £ standard | ratio + standard
Plant phyflid deviation deviation deviation daviaticn
GHILGUS 2 310 1795 £ 1238 104 + 43 228 x27.5 49z 2.6
GHIES D 296 1677 £ 978 89 + 35 2Zh %59 40220
GHILGUS © 310 1360 £ 796 95+ 38 196254 53z 3
GHIEUS o 278 1728 + 1199 101 + 38 2lex7.2 4.9+ 2.1
GHILGUS & 287 1528 £ 984 96 + 41 214263 48227
pirtd ping 5 153 1922 + 1450 127 + 50 214275 0.3s 27
pinA ping b 1e4 2287 £ 1522 127 + 45 23986 S22
pirtd ping © 156 1872 £ 1488 117 + 44 225279 f4 220
pind ping o 155 1968 £ 989 127 + 44 218 6.0 6.2+ 2.5
pirtd ping @ 235 1586 £ 930 117 + 4& 190253 6.3z 2o
Table S7
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Table 57: Quantitathve compartson of GHIAEUS to pdnd pled mutants

|Mean mumber of cells Mean call lengen | Moan cel | Cel Aspact
. Maan call area (pm?) width {um) + Ratia £

Regian and background | £ Etarhdarlv::;a'-'l;mn + arandard deviation [JJm'l]’ei.st.andard standard standard
(n phylls = 3) vatien deviation deviation
Top GHI3 G 22T +12 1247 + B2 B2+ 2.5 20 £ 0.9 4.1 £ 0.1
aind ping 116 +32 1362 + 81 95+ 2.0 20209 500402
Edge GH3 S T 1767 = 138 161 £ 9.4 172 0.8 10+0%9
g pind 44 £ 11 2028 = 104 169 £ 5.3 189 0.7 33z0.5
Base 3 S 33+ 12 3941 £ 213 151 £ 3.7 5+ 1.4 4.5 = 0.1
pinA pind 29+ 10 4034 = 403 164 4 14 342 1.8 4.9 % L5
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369

Moss phyllid cell segmentation protocol

1. Toluidine blue staining phyllids:
i Remove phyllid from desired position in heteroblastic

. if |

Saries. -
i, Clear in Hoyer's meadium overnight (Anderson, 1954). 1Y
il Wasgh tissue with deionisad water at least three times.
v, Place tissue in 2M NaOH for 2 hours.
V. Wash tissue with deionised water at least three times.
vi. Stain with 0.05% Toluidine Blue for two minutes.
vii, Destain for 10 minutes in water. Region of toluidine
Vi, YWaszh two or more times with DI water and leave until bluehs::;n&d

phyliid.

ready to mount.
2. Image capture

i Caplure images with a maximum pixel resolution of 1024 in the longest dimension
using a 20 x objective.

i, Save images of the same phyllid with sequential tags e.g.
Myname_Treatment_shoot01_Leaf20_img0O001 tif
iii. Enzura there is =25% overlap between fields of view in each image.

3. Image stitching (see supporting illustrations below)

i. Open Fiji.

ii. Open an image selected to represent a senies.

iid. Salect from “Plugins” == “Segmeantation” >> "Trainable Segmentation”.

i Usza tools on the FIJI task bar to pan around your image and zoom in and out in the
“Trainable Segmentation” window.

V. Uza the freehand drawing tool to draw along the some of the cell walls, on the image
in the “Trainable Segmentation” window,

i Whean a set of cell wallz iz highlighted (marked by a yellow line), elick “Add to class 2"
(the line will turn green) and repeat this step a few times.

Vil Then mark a nen-cell wall area i.e. within a cell or cutside of the phyllid, and click “Add
to class 1"

viii. Click the Train classifier tool.

ix. If you are happy with the rasult (1 am in this instanca), then click the button “Save data”.

X Save the data in a new file named "rainingdata”.

Xi. Click the button “Create result” to generate a black and white (binary) image of the
resilt.

Xii. Save the image "classification result” (with a more appropriate name) ,49,
TS Original_name_of image tif

Xiii. Complete this segmentation step for all images, saving each one separately.

xiv. Mewve all images from a single phyllid to a single folder.

IV Stitch the images togeather using Pluging >=> Stitching »> Deprecate >> Stitch directory
with images (unknown arrangement).

XVE. Click “Browse" from the pop up box and select a folder where the images for one

phyllid are saved.

XV, Click O

xviti.  If there are stitching problems, try stitching fewer images at once and later pulting part
stitched images togather.

XiX. Save the image.
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4. Manual refinement of stitched images using GIMP (see supporting illustrations below)

i. Open GIMP.

ii. Open the stitched image from step 3.

iid. Zave the image with a GIMP | xcf) extension.

i Select the whole image, and copy and paste.

V. Click “new layer” twice, and create a transparent layer.

Vi Selact the new layer using the lavers panel.

Vi, Salect the paint bucket icon from the tools paneal, and fill the new layer in black by
clicking anywhere on the pictura.

viii. Move the new layer balow the pasted layer.

ix. Zelect the pasted layer from the layers panel.

X. Then select “Colors” == *Threshold”" and click “OK” to turn the image to black and
white.

xi. Zelect the pencil button from the tools layer and adjust the size and brush to a similar
width to wall widths.

X Trace a black line just to side of the midrib. Maintain a continuous line of white the

length of the midrib to the left of the midrib. By holding the shift key as you click you will
sa@ a line which will be traced by the pencil ool and bacome black.

Xiii. Once you have drawn a black line through the centre on the phyllid entirely separating
the wo sides, change the colour of the pencil tool to white and look for cell walls that
are not complete and join them (if unsure compare with original microscope image).
Only do this for one side of the phyllid.

xiv. If cell walls appear fused, change the pencil teol to black and fill cells to ensure they
have continuous black centre.

XV Select the “fuzzy selact tool”.

XV Click on the white of the image to select a contiguous area comprising the call wall
outlines of a half phyllid (if both sides are selected the black line through the midrib was
incomplate).

XV, Hald “Ctrl” and press “i” to invert the previous selaction.
xviti.  “Dalete” the speckles that are not connected to cell walls to leave a segmented hafl-

phiyllid.
XiX. ‘Flatten” the image and save it as a 4f file.
XK. Open the _tf file “Gimp_edited_stitched _phyllid_01 .1 in Fiji.
XXF. Select "Process™>= "Smooth” and smooth three times.

XX, Convert the image to binary mode [gelect "Procass” == "Binary” == "Make Binary").

xxifi.  Select "Pluginsg” == *Skeleton” >> “Skeletonize{2D/3D)".

xxiv.  Select "Process™> "Smooth” and smooth three times.

XXV Convert the image to binary mode again and save it as a new _tif file
("Skelaton_edited _phyllid_01 1if).

xxvii  Touch up traces by refarring to orginal microscope image using the pencil tool and
bucket fill tools in GIMP or in FLIIL

xxvit.  Skeletonize, smooth, and make binary the image as above and and =ave it as a new _tif
file “Finizhed_phyllid_01 tif"

5. Cell size/shape analysis (see supporting illustrations below)

i. Open the “Finished_phyllid” file in Fiji

ii. To set the scale, select "Analyze” »> “Set Scale”.

iid. To scale later images in a series to the first image, “Click to remove scale” and tick the

box "Global”.
2

370
371
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375

i,

wi.

Wi,

Vil

i,

Calculate the scale by opening an image with a measured scale bar in it. Select tha
“Straight” free hand line tool and draw a line across the length of the scale bar.
Select the “Analyze” >> "Set Scale” teol and type the length of the scale bar into tha
‘Known distance” box. Fiji automatically calculates the conversion ratio of pixels to
units for you.

Selact the measurements you want to make using select “Analyze” == "Set
measurements”.

Select areas of the image to be measured using “image” == “adjust” >="threshald”,
and slide the threshold scale so that the whole image tums red.

Select "Analyze” == “Analyze Particlas”.

Tick the boxes "Exclude on edges”, "Display resultz” and “Add o manager”.

Zave the results from the "Results” window by selecting "“File” >> "Save Az a.g.
“‘Call_data Phyllid01 .cav”.

Use data for variable comparison in other packages

6. Phyllid size analyzes (see supporting illustrations below)

i

ii.

iid.

i,

Wi

vili.
wilii.

Open the “Finished_phyllid” file in Fiji.

Zet the scale as described In Section 5.

Select areas of the image to be measured using “image” == "adjust” >="threshaold”,
and slide the threshold scale so that only the cell walls are outlined in red.

Set the “Analyze particles” oplion to “include holes option”.

Select the “Straight” line drawing tool and then select "Sagmented line”.

Extend the line by clicking along the length of the phyllid outline and when finished right

click.

Zelect the “Analyze” >> "“Measure” option to return the length of the line you just drew.

Save this new results window, “File" >> "Save As" (ie.
Whole Leaf measurments_Leaf01.cev).
za data for variable comparison in other packages
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3. Image stitching
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5. Cell size and shape analyzes
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6. Phyllid size analyzes
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