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Significance statement -sentence summary

Thiswork describes and compares three different strategies to obtain accurate volumes of
leaf plastids from Arabidopss, the most widely used model plant. We hope our contribution will
support quantitative metabolic flux modeling and spark other projects aimed at a more metric-

driven plant cell biology.
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Abstract
Leaf plastids harbor a plethora of biochemical reactions including photosynthesis, one of the

most important metabolic pathways on earth. Scientists are eager to unveil the physiological
processes within the organelle but also their interconnection with the rest of the plant cell. An
increasingly important feature of this venture is to use experimental data in the design of
metabolic models. A remaining obstacle has been the limited in stu volume information of
plastids and other cell organelles. To fill this gap for chloroplasts, we established three
microscopy protocols delivering in situ volumes based on: 1) chlorophyll fluorescence emerging
from the thylakoid membrane, 2) a CFP marker embedded in the envelope, and 3) calculations
from serial block-face scanning electron microscopy (SBFSEM). The obtained data were
corroborated by comparing wild-type data with two mutant lines affected in the plastid division
machinery known to produce small and large mesophyll chloroplasts, respectively. Furthermore,
we also determined the volume of the much smaller guard cell plastids. Interestingly, their
volume is not governed by the same components of the divison machinery which defines
mesophyll plastid size. Based on our three approaches the average volume of a mature Col-0
wild-type mesophyll chloroplasts is 93 pm®. Wild-type guard cell plastids are approximately 18
um?. Lastly, our comparative analysis shows that the chlorophyll fluorescence analysis can
accurately determine chloroplast volumes, providing an important tool to research groups
without access to transgenic marker lines expressing genetically encoded fluorescence proteins

or costly SBFSEM equipment.
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I ntroduction

Photosynthesis, the light-driven CO, fixating pathway, is the foundation of life and global food
production. In land plants, this pathway is housed in the chloroplast, a specialized plastid-type of
endosymbiotic origin located in mesophyll or bundle sheath leaf cells. Chloroplasts are only one
of several plastid-types found in the various diverse plant tissues (Choi et al., 2021), with the
proplastid representing the most basic undifferentiated precursor organelle (Jarvis and Lopez-
Juez, 2013). Through highly coordinated gene expression involving the nuclear and the
organellar genome, proplastids develop into chloroplasts, amyloplasts, chromoplasts etc., al with
distinct morphologies and varying sizes (Liebers et al., 2017; Sun et al., 2017). Depending on
plant age some plastid types can interconvert (Jarvis and Lopez-Juez, 2013). The number of
plastids can surpass 100 per cell in Arabidopsis thaliana, contributing to about a quarter of the
total cell volume (Crumpton-Taylor et al., 2012; Unal et al., 2020). The abundance of genetically
identical plastids occurs through binary fission facilitated by a complex contractile FtsZ ring
insde the organelle and additional plastid-dividing (PD) rings that contain proteins anchored or
associated with the inner and outer envelope membrane (Y oshida, 2018; Osteryoung and Pyke,
2014; Chen et al., 2018). The discovery of this intricate machinery was investigated through
several loss and gain-of-function mutants of FtsZ and PD ring components. These mutants
represent invaluable research tools to understanding both organelle fission and the significance
of plastid abundance and size on basic physiological responses such as light stress avoidance

(Duttaet a., 2017).

Plastids carry out general and highly specialized biochemical reactions, many yielding
phytohormones or their respective precursors, which are critical for plant devel opment and stress

response (Bittner et al., 2022). Unsurprisingly, understanding plastid and chloroplast function
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82  hasbeen the focus of many scientists interested in a wide range of topics, from photosynthesis to
83  the importance of plastids for plant environmental interactions (Kleine et al., 2021). In recent
84  years, computational modeling of energy/metabolic flux has given new insights into the complex
85 inner workings of the organelle (Krantz et al., 2021; Furtauer et al., 2018). This modeling has
86  been added by non-aqueous fractionation to determine how these organelles interact (Klie et al.,
87  2011; Furtauer et al., 2016; Hohner et a., 2021). Nevertheless, the efficacy of these models
88  would be further improved with precise determination of organellar volumes. This is especially
89 important for A. thaliana, arguably the most studied plant worldwide and the primary model
90 plant system for elucidating the molecular, structural, and biochemical control of

91  energy/metabolic fluxes (Woodward and Bartel, 2018).

92 Chloroplast dimensions and volumes are most often inferred using two-dimensional (2D)
93 imaging techniques (Kunz et a., 2014; Aranda-Sicilia et al., 2016; Unal et a., 2020).
94  Transmission electron microscopy (TEM) has been the primary method for obtaining these 2D
95 images. However, TEM requires fixation which can result in tissue, cellular, and organellar
96 shrinkage. For instance, spinach chloroplasts loose about 30% of their volume during the fixation
97  procedure (Winter et al., 1994). Also, TEM imaging is error-prone since optimal imaging quality
98  requires 60-80 nm thick sections and it is impossible to know what plane of the chloroplast is
99 vishble or the angle of the section. This means it is unclear if a given chloroplast image is a
100 glancing section or cuts through the center, making accurate volume calculations challenging
101 with a bias towards underestimating volumes. This uncertainty leads to considerable variation in
102  estimated chloroplast volumes and requires large time-consuming datasets to approximate

103  accurate chloroplast volumes even within a single cell. A recent study using wheat and chickpea
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104  demonstrated that the 2D approach of estimating chloroplast volumes is inaccurate and prone to

105  volume underestimations (Harwood et al., 2019).

106 The recent application of technologies to create three-dimensional (3D) representations of
107  leaf anatomy, including the serial block-face scanning electron microscopy (SBFSEM), has
108  introduced alternative ways to address ongoing uncertainty in chloroplast volumes (Denk and
109  Horstmann, 2004). In short, SBFSEM employs automated collection of serial surface images
110  from aresin-embedded sample block. This occurs via an internal ultramicrotome that cuts a 40-
111 80 nm thin section. The newly exposed surface of the truncated sample block is scanned to
112  generate the next SEM image. However, the SBFSEM technology requires significant
113 specialized instrumentation, and similar with TEM has potential difficulties with sample fixation

114  and preparation that may result in inferior images and data misinterpretation.

115 Live imaging of leaf tissue using confocal microscopy can avoid the errors associated
116  with fixation, such as chloroplast shrinkage. Confocal microscopy does, however, present its
117  own challenges and limitations. While there is no risk of chloroplast deformation due to fixation,
118  the relatively long wavelength of light drastically lowers the achievable imaging resolution
119 compared to electron microscopy. Additionally, since most confocal microscopes utilize a
120  pinhole to image optical sections inside the sample tissue, the fluorescence is scattered by the
121 tissue it passes through before reaching the objective, lowering resolution and limiting the depth
122 accurate imaging can be done to. As long as this is taken into consideration, however, confocal
123 can be powerful tool as it also allows for colocalizing several fluorophores within the sample,

124  alowing for easy visualization of one or more structures of interest.

125 In this study, we used different 3D imaging techniques to measure leaf chloroplast

126  volumesin A. thaliana (Figure 1A). Two protocols employ confocal microscopy z-stacks using
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127  chlorophyll fluorescence or a chloroplast envelope marker, respectively, as easy to replicate,
128  more accessible methods. The third approach is based on SBFSEM and 3D reconstruction. To
129 validate our assays, we used three different A. thaliana genotypes: 1) Col-0 as a wild-type
130  control, 2) 35s-PDV1 35s-PDV2, which has more, smaller chloroplasts, and 3) arc5-2, having
131  fewer but gigantic chloroplasts per cell (Osteryoung, 2017). The 35s-PDV1 35s-PDV2 and arc5-
132 2 are chloroplast division mutants and were chosen to quantify the accuracy of each volume

133  determination approach.

134 Results & Discussion

135  Mesophyll chloroplast volume measur ements using chlorophyll fluorescence

136  For plastid volume calculations three different, wild type and previously described genotypes
137  were selected. 355-PDV1 35s-PDV2 has smaller chloroplasts caused by the overexpression of the
138  outer envelope PLASTID DIVISION1 (PDV1) and PLASTID DIVISION2 (PDV2) protens,
139  which recruit the ARC5/DRB5P ring during chloroplast division (Okazaki et al., 2009; Dutta et
140 a., 2017). Conversdly, arch-2 is a T-DNA insertion loss of function mutant that exhibits a low
141 number of gigantic chloroplasts per cell. The ARC5S locus encodes one of the outer envelope
142  membrane proteins responsible for assembling the most outer PD ring (Robertson et al., 1996;
143  Miyagishima et al., 2006). Col-0 was used as a wildtype control. All genotypes exhibited a
144  similar green leaf color and were indistinguishable from controls with regards to their growth
145  rate and appearance (Figure 1B). The reported chloroplast phenotypes became visible in the
146 micrographs (Figure 1C-D). For all experiments, leaf discs were collected from the first three
147  mature true leaves. Three separate grow-outs per genotype were utilized to test the consstency
148  of our results. Initialy, chloroplast volumes were calculated based on confocal microscopy z-

149  stacks of chlorophyll fluorescence (Movie S1-3), which emerges mostly from stacked grana
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150 thylakoids (Figure 1E). Across all three grow-outs, Col-0 mesophyll chloroplasts had an average
151 volume of 88.24 + 1.58 um®>. 35s-PDV1 35s-PDV?2 showed a clear trend towards slightly smaller
152 mesophyll chloroplast volumes with an average volume of 60.13 + 1.05 um°. Lastly, arc5-2
153  chloroplast volumes were significantly greater (one-way ANOV A, p<0.05) as in wild-type and
154  35s-PDV1 35s-PDV2 plants, averaging at 1538 + 145 pm®. Frequency distribution plots of the
155  combined volume data collected on al three genotypes are shown in Figure S1A-B. Comparing
156  different grow-outs, minor differences in chloroplast volumes can be observed within each
157  genotype. For all three genotypes, the second grow-out season gave rise to slightly lower average
158  chloroplast volumes than the first and third season indicating minor seasonal effects. However,
159  statistical analysis within each genotype did not indicate significant differences between grow-

160  outs (one-way ANOVA, p<0.05).

161 On average, Col-0 contained 74 + 3 chloroplasts per mesophyll cell (Figure 1F). Thisis
162  inthe middle range compared to reports by others suggesting averages of 60, 76 (£ 5) or between
163 80 and 120 chloroplasts per cell (Kinsman and Pyke, 1998; Okazaki et al., 2009; Crumpton-
164  Taylor et a., 2012). In line with the literature, 35s-PDV1 35s-PDV2 and arc5-2 mesophyll cells
165  contained on average 92 £ 5 and 5 = 0.5 chloroplasts, respectively (Miyagishima et al., 2006;
166  Okazaki et al., 2009). The differences between studies can be related to different mesophyll cell
167  types, developmental states, or to local growth conditions which were all reported to affect

168  plastid numbers (Antal et a., 2013).
169  Guard cdl plastid volume measur ements using chlorophyll fluorescence

170  Apart from the mesophyll, leaf chloroplasts can be found in vascular parenchymal cells and
171 within the epidermal layer in pavement and guard cells (Barton et al., 2016). Guard cell

172 chloroplasts are much smaller than mesophyll chloroplasts (Pyke and Leech, 1994). Thus, we
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173  also assayed guard cell plastid volumes to test the feasibility of our protocol across different cell
174  types. When comparing guard cell chloroplast volumes, no differences between genotypes were
175  observed. For Col-0 chloroplast volumes averaged at 17.69 + 0.21 pm®, while volumes for 35s-
176  PDV1 35s-PDV2, and arc5-2 were 18.04 + 0.26 um®, and 17.26 + 0.28 pm?® respectively (Figure
177 1G). Comparing the genotypes by one-way ANOVA showed no statistically significant
178  difference (p<0.05). Figure S2 shows an overlapping frequency distribution for the three
179  genotypes guard cell plastid volumes. When comparing the three grow-outs individually the
180  same pattern can be seen. In summary, our data are in line with previous reports on arcb mutants

181  showing that loss of ARC5 affects mesophyll but not guard plastid sizes (Pyke and Leech, 1994).

182 As shown above, guard cell chloroplast volumes are similar between Col-0 and the two
183  mutants affected in mesophyll chloroplast division. Smilarly, the number of plastids per guard
184 cdl was not significantly different (Figure 1H): Col-O guard cells contained 45 + 1.0
185  chloroplasts on average, which aligns with previous research done on this (Fujiwara et al., 2019),
186  while both 35s-PDV1 35s-PDV2 and arc5-2 contained 3.6 + 0.83 dlightly fewer chloroplasts on
187  average. Some previous studies reported immature, non-fluorescing plastidsin arc5-2 guard cells
188  (Fujiwara et a., 2018). Since no brightfield images were acquired in this study, we cannot
189  comment on this observation as we only visualized fluorescing plastids. Also, giant chloroplasts
190  were previously found in rare instances in arc5-2 guard cells (Fujiwara et al., 2018), which we

191 did not encounter.

192  Mesophyll chloroplast volume measurements using a plastid outer envelope fluorescence

193  marker protein

194  Chlorophyll fluorescence emerges primarily from photosystem |1 located in grana thylakoids and

195 thus may not effectively represent the entire volume of the chloroplast. Therefore, a cyan-
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196  fluorescence protein (CFP (mTurquoise version)) envelope marker localized to the outer
197  chloroplast envelope was employed. Initialy, a Col-0 wild-type line with robust CFP signal was
198 isolated using confocal microscopy (Figure 2A-C). Since strong overexpression of envelope
199  proteins can result in membrane alterations, we ensured that this did not occur in the lines
200 selected for this study (Breuers et al., 2012). Subsequently, the marker gene was introgressed
201 into the 35s-PDV1 35s-PDV2 and arc5-2 mutants with known plastid volume differences. Once
202  homozygous F3 plants were available, we acquired z-stacks of both, the envelope CFP marker
203  and chlorophyll fluorescence signals in parallel from all three genotypes. As expected, average
204  chloroplast volumes calculated using the envelope marker was dlightly higher than that
205 calculated using chlorophyll fluorescence (Figure 2D). For Col-O the average volume for
206 chlorophyll fluorescence and the envelope marker were 78.9 um® + 2.6 and 94.7 + 2.9 pm®
207  respectively, for 35s-PDV1 35s-PDV2 they were 55.6 um® + 2.4 and 63.1 + 2.0 pm® respectively,
208 and for arc5-2 the values were 1714.9 pm® + 222.7 and 2232.0 + 330.0 pm®, respectively.
209 Statistical analyses comparing chlorophyll fluorescence and envelope marker volumes within
210  each genotype, did not show a significant difference in values (p<0.05), albeit a trend was clear.
211 When comparing different genotypes, the same observation emerged i.e., statistically significant
212 higher volumes exist only between arc5-2 and the two other lines. Col-0 volumes based on
213 chlorophyll fluorescence reflect to the lower end found in the three, independent grow-out

214 experiments performed previously (Figure 1E). Seasonal effects are the most likely explanation.
215  Chloroplast volume deter mination using serial block-face scanning electr on microscopy

216 When it comes to the application in plant tissues, serial block-face scanning electron microscopy
217 (SBFSEM) is dtill a relatively new imaging technique. In fact, for A. thaliana mesophyll cell

218 organelles there are no published volume data yet. Thus, we performed SBFSEM as an

10
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219  orthogonal, more high-resolution method for chloroplast analysis. Imaging was done for the
220 same three genotypes as described above. Since the tissue has to be fixed, dehydrated and
221  embedded, osmotic aterations may have an influence on organelle volume. The protocol used
222 here and described in the materials and methods section was developed as part of a study to
223 improve SBFSEM protocols and analysis in plant tissues (Mullendore et al. in preparation). This
224 includes a machine learning algorithm “ANATOMICS MLT” which was used for this study to
225  auto-label large image data sets. Figure 3A shows chloroplasts labeled by ANATOMICS MLT.
226  The average chloroplast volume determined for Col-0 was 92.9 + 1.3 pm®. For 35s-PDV1 35s-
227  PDV2, and arc5-2 the volumes were 69.4 + 0.8 pm®, and 1970 + 759 um?, respectively (Figure
228 3B-C). As for al previous imaging techniques used, only trends in chloroplast volumes
229  difference could be identified between 35s-PDV1 35s-PDV2 and Col-0, while both genotypes
230  weresignificantly different from arc5-2. A full image stack reconstruction for each genotype can

231  befound asMovie $4-6.
232 Protocol comparisons and recommendations

233 In this study, we set out to gather accurate volume information from mesophyll and guard cell
234  plastids of the model plant A. thaliana. In addition, we wanted to test the feasibility of employing
235  standard confocal microscopy, available in most biology departments, to determine organellar
236  volumes. When comparing between imaging approaches, chloroplast volumes were relatively
237 consistent (about 93 pm® in wild-type plants), with volumes derived by an outer envelope marker
238  protein showing a slightly higher average between 10-20% when compared to both chlorophyll
239  fluorescence and SBFSEM measurements (Figure 4A-C, Table S1). However, when running a
240 oneway ANOVA comparing chloroplast volumes measured by each of the three imaging

241  techniques, no datistically significant difference (p<0.05) was found within either of the

11
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242 genotypes, regardless of the imaging approach applied. Slightly higher average volumes using
243  data from the envelope marker are to be expected, as it defines the outer boundary of a
244  chloroplast and thus encompasses envel ope membranes, inter membrane space, and the stroma.
245  In contrast, chlorophyll fluorescence primarily represents the volume determined by thylakoid
246 membranes. One limitation we observed when subtracting the chlorophyll fluorescence from the
247  outer envelope-based volume is that the obtained values are too low (= 16 pm®) to accurately
248  reflect the stromal volume. According to the literature the stroma is expected to occupy about
249  50% of a plastid (Antal et al., 2013). This shortcoming can be explained by the insufficient
250 resolution of confocal micrographs which does not alow to accurately resolve the stroma

251  between thylakoid membranes.

252 The critical advantage of SBFSEM is the much higher resolution compared to confocal or
253  super-resolution microscopy, but much faster acquisition time than focused ion beam
254  methodologies. Therefore, it alows to image large tissue areas with hundreds or thousands of
255  cells within reasonable time (days) while allowing to acquire surface areas and volumes of
256  organellesthat are too small to image by light microscopy-based methods (e.g., confocal) such as
257 the ER or Golgi apparatus. It is however critical that appropriate protocols are used to maintain
258  the volume of organelles. Chloroplasts are large enough to serve as a tool to compare volumes
259  taken by confocal microscopy and SBFSEM. It is reasonable to assume that if chloroplast
260 volumes between in Stu and embedded tissue are similar, other organelle volumes in the

261  embedded tissue should be accurate as well.

262 The difference in chloroplast volumes between chlorophyll fluorescence and SBFSEM
263  imagesis surprisingly small and not statistically significant, showing that our protocol provides

264  excellent maintenance of the tissue. All chloroplasts in our SBFSEM micrographs appear intact

12
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265  (no sharp edges which are usually an indication of shrinkage) and undamaged. Nevertheless,
266 fixative and buffers concentrations as well as the dehydration procedure may have to be tailored
267  to other specimen types such as stems and roots or other plant species. Stains can also be
268  adjusted to fit organelles or structures of interest. Usually this requires a fair amount of strategic
269 trial and error. However, SBFSEM currently allows standard resolutions of down the 10 nm at
270  comparably high acquisition speeds which is a massive improvement over other available
271 technology. Aswe show in this study, accurate quantitative anatomical data comparabletoin situ

272  studies can be achieved.

273 The chloroplast division mutants used as a proof of concept in this study demonstrates the
274  ability and limitations to quantify volume differences. While each method confirmed the drastic
275  mesophyll plastid size variation between Col-0 and arc5-2 plants, the expectedly smaller
276 differences between Col-0 and 35s-PDV1 35s-PDV2 were only revealed by trend but not with
277  sufficient statical power to allow strong conclusions regardliess of the imaging applied. Volume
278  differences between mesophyll and guard cell chloroplasts were also successfully resolved.
279  Interestingly, while mesophyll chloroplast volumes varied among genotypes, guard cell plastids
280 had consstent volumes and numbers throughout. This provides more evidence that guard cell

281  and mesophyll plastid division are governed by distinct genetic programs.

282 When comparing our results with the literature we find quite stark differences. While we
283  determined the Col-0 wild-type mesophyll chloroplast using orthogonal approaches at a size of ~
284 93 pm® most publications refer to old volume studies on other species and an average value of ~
285 31 um°® (Anta et al., 2013; Nobel, 2020). Although mesophyll chloroplast sizes seem highly
286  species- and to a minor degree daytime-dependent the values from spinach, pea, tobacco, wheat,

287  poplar arein the range from 15 to 35 pm?® and appear to be rather underestimations (Antal et a.,

13


https://doi.org/10.1101/2023.07.16.549198
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.16.549198; this version posted November 8, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

288  2013; Nobel, 2020). At least sde by sidein alight microscope A. thaliana and pea chloroplast do
289  not seem to drastically differ in size (Schulz et al., 2004). Recent 3D assays describe wheat
290  chloroplasts at 114.6 + 21.5, chickpea at 22.4 + 10.2 um®, and rice at 47 um® (Oi et al., 2017;
291  Harwood et al., 2020). For A. thaliana only one study on cotyledon development was found to
292  report 3D derived plastid volume data (Pipitone et al., 2021). Albeit only three plastids were
293  assayed by SBF-SEM the obtained value of 112.14 pm® (+4.3) is roughly in the same range as
294  the 93 um® we recorded from mesophyll chloroplasts in mature true leaves. In conjunction, both
295  studies emphasize that A. thaliana chloroplasts are far bigger than the often-suggested average
296  plastid volume of 31 um°. This needs to be taken into account when organelle volumes are
297  employed in flux modes. Additionally, because of the wide range of plastids sizes reported from
298  different species generalizing metabolic flux assumptions can be problematic. Fortunately, as we
299  show through our study rapid z-stack recordings based on chlorophyll fluorescence using a
300 standard confocal microscope gives sufficiently accurate volume information to survey this data
301 point for any given plant species of interest. Since we obtained very similar values regardless of
302 the approach employed, we can state with high confidence that a volume of = 93 pm?® reflects the
303 natural in situ situation in the model plant Arabidopsis. Moreover, the fixation-staining protocol
304 we utilized for SBFSEM is well-suited for plastids. The low deviation from values obtained via
305 fixation-staining-free confocal microscopy confirms that no shrinkage occurred in our

306  Specimens.
307 Conclusions

308  Overall, comparing chloroplast volumes from plastid division mutants acquired through different
309 imaging methods shows relatively close overlap of volumes. This suggests that even though z-

310 stack confocal micrographs have much lower resolution than SBFSEM, they still give fairly
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311  accurate volume data. Between the two confocal microscopy methods, using an envelope marker
312 will yield more accurate total chloroplast volumes. Nevertheless, for a much easier and faster
313  estimation, chlorophyll fluorescence delivers high replicate numbers and is thus quite accurate.
314  Moreover, it does not require cloning, transformation or introgression of a fluorescence protein
315  encoding transgene. One cavest is that chlorophyll fluorescence-based volume determination is
316  not recommended for mutants with affected chlorophyll metabolism. SBFSEM yields the most
317  accurate volume data due to its much higher resolution. However, lengthy sample preparation
318  procedure optimization might be necessary to prevent artifacts resulting in skewed volumes.
319  Since plastid volumes depend on light conditions, growth temperatures, and the genetic makeup
320 of plants we encourage more research on this subject using the simple protocols introduced here.
321  Scientists are advised to consider our conclusions for balanced and informed decision-making

322 which answer the question at hand with the best equipment available to them.
323  Experimental procedures
324  Plant Material

325 A thaliana plants used: Columbia-0 as a control, arc5-2 (SAIL_71 D11), a giant chloroplast
326  mutant due to a knockout of the ARC5 chloroplast division gene, and 35S-PDV1 355-PDV2 with
327  smaller chloroplasts caused by overexpression of PDV1 and PDV2 (Miyagishima et al., 2006;
328  Okazaki et al., 2009; Dutta et al., 2017). These plants were grown in a Conviron growth chamber
329 (Winnipeg, Man, Canada) using a 16/8-hour light/dark cycle at 150 pmol photons ms?,
330 21°C/19°C day/night cycle and 60-80% humidity on soil. Approximately, 100 seeds per
331  genotype were sown into one 1.15-quart pot with soil (Sungro Professional Growing Mix #1,
332 Sun Gro Horticulture, Agawam, MA, USA), and after a week, the ten largest seedlings were

333  transferred into individual 0.59-pint pots and grown for 4 additional weeks before imaging.
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334 To target a fluorescent marker to the outer chloroplast envelope surface, the coding sequence
335 (192 bp) of the outer envelope protein 7.1 (OEP7; At3g52420) without its Stop codon and with a
336  Gly-Gly-Ser-Gly-linker at the 3'-end was first amplified usng Q5 High-Fidelity DNA
337 Polymerase (New England Biolabs) and the primers GGB_OEP7 F -
338  AACAGGTCTCAAACAATGGGAAAAACTTCGGGAGC and GGC _OEP7 GGSG R -
339 AACAGGTCTCTAGCCTCCAGATCCTCCCAAACCCTCTTTGGATGTGG, followed by
340 FastDigest Eco31l (Thermo Fisher Scientific) digestion, and ligation into the GreenGate module
341  backbone pGGB (Lamproupolos et al., 2013). Together with previously described GreenGate
342  modules (Lamproupolos et a., 2013; Waadt et a., 2017), OEP7, the orange fluorescing
343  mNectarine (Johnson et al., 2009) without Start codon, and the cyan fluorescing mTurquoise
344  (Goedhart et al., 2010) with a5'-end Gly-Ser-linker were ligated into the plant expression vector
345 pGGZ003 vyieding the plasmid pGGZ-RW105 (pGGZ003-pUBQ10-OEP7-GGSG-
346 mNectarine ATG-GSL-mTurquoise-tHSP18.2M-hygR). This construct was then transformed
347 into Col-0 wild-type by floral dip, and positive transformants were selected through germination
348 on hygromycin (15 pg ml™, Chem-Impex, Wood Dale, IL, USA). Subsequently, the envelope

349  marker wasintrogressed into arcb-2 and 35s-PDV1 35s-PDV2 mutant lines.
350 Confocal Laser Scanning Microscopy
351  Mesophyll Chloroplast Fluorescence Volume M easurements

352  For mesophyll imaging, fresh leaf disks of 1 cm diameter were taken from the center of a mature
353 leaf and imaged from the lower epidermal side with a HC PL APO CS2 63x/1.20 NA water-
354 immersion objective on a Leica SP8 confocal laser-scanning microscope (Leica Biosystems,
355  Deer Park, IL, USA). Chlorophyll was excited using a 405 nm pulsed laser and the fluorescence

356  was collected using a HyD detector set to 650-720 nm. The gain was optimized for each stack,
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357 using the brightness indicator. Additional imaging parameters were: scanning speed 100 Hz,
358 zoom 2, line average 2, pinhole 1, and z-stacks system optimized with 0.305-pum-thick optical
359  sections for volume analysis. Number of z-sections varied, and stacks were later cropped to

360  exclude images where the fluorescence border could not be accurately identified.

361  Guard Cell Chloroplast Volume M easur ements

362  For imaging of guard cell chloroplasts, the abaxial side of the leaf was used as there are more
363  stomata present. The abaxial side of a leaf was glued to a glass slide using medical adhesive
364  (Hollister, Libertyville, IL, USA). After allowing the glue to dry, leaf tissue was removed by
365  scraping with a razor blade until the lower epidermis became exposed (Azoulay-Shemer et al.,
366  2016). Guard cells turgescence was determined visually and used to checked for intactness, and
367 guard cdl chloroplasts were then imaged using a HC PL APO CS2 63x/1.40 oil-immersion
368  Objective. Z-stacks were taken using 0.255-um-thick optical sections. Otherwise, images were

369 taken asdescribed above.

370  Cyan-fluorescence Protein Imaging

371 Plants with chloroplast envelopes tagged with CFP (mTurquoise) were also imaged using a HC
372 PL APO CS2 63x/1.20 NA water-immersion objective on a Leica SP8 confocal |aser-scanning
373  microscope (Leica Biosystems, Deer Park, IL, US). Dua channels were used to image CFP
374  simultaneously with chlorophyll fluorescence. A HyD detector set to 460-520 was used to collect
375 CFP fluorescence, while a HyD detector set to 650-720 nm was used for chlorophyll

376 fluorescence. All other imaging parameters were as described above.

377  Chloroplast Volume Analysis
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378  Chloroplast recongtruction and analysis was done using ImageJ software, utilizing the Bio-
379  Formats plugin to import .lif files (https://github.com/ome/bioformats). After importing a z-
380  stack, and manually thresholding to optimize chloroplast outlines, a Median Filter (Radius: 2.0)
381  was applied for smoothing and subtract (~10), a global brightness reduction tool, was used to
382  remove background noise. Chloroplast volumes were extracted with the 3D Objects Counter
383  function in ImageJ, and the resulting labels were checked to ensure only volumes of complete

384  chloroplasts were counted.

385  Mesophyll Cell Chloroplast Count

386  To count the chloroplasts per cell in mesophyll cells, z-stacks were taken using a 20x water-
387 immersion objective. Two channels were used to image chlorophyll autofluorescence and
388  brightfield smultaneously, allowing us to distinguish the borders of cells. Z-stacks were filtered

389  asdetalled above, reconstructed, and chloroplasts counted.

390  Serial Block Face Scanning Electron Microscopy (SBFSEM)

391 Fixation Protocol

392  Arabidopss leaves were removed from the plant, cut into 2 mm x 2 mm squares, and put into a
393 fixative solution containing 4% glutaraldehyde, 2 mM CaCl, in 0.1 M cacodylate buffer (pH 6.8)
394  for 6 hours at room temperature. Samples were then microwaved at 300W at a 35°C maximum
395 temperature limit for 2 min and then washed 3x for 10 minutes in 0.1 M cacodylate buffer
396 followed by a post-fixation with 1.5% K4Fe(CN)g, 2% OsO,4, 2 mM CaCl,, in 0.15 M cacodylate
397  buffer overnight at 4°C. After washing 3x for 10 min in double distilled water (ddH2O) at room
398 temperature, samples were incubated in 0.2% gallic acid for 1 hour at room temperature, and

399  then washed 3x for 10 minutes in ddH,O. A secondary post-fixation was done in 2% OsO, for 3
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400 hours a room temperature, and after washing 3x for 10 min in ddH,O, a 2% uranyl acetate
401  incubation was applied overnight at 4°C. Samples were washed 3x for 10 minutes in ddH,0 at
402  room temperature, then stained with Walton’s lead aspartate (Walton, 1979) at 60°C for one hour
403  and finally washed 3 times for 10 min in ddH;0 at room temperature.

404

405  Samples were dehydrated with an acetone series using freshly mixed acetone solutions. 10%
406  steps were done between 10%-50% (v/v) acetone for 10 min at room temperature. A second
407 exchange of 50% acetone was incubated at -20°C for 1 hour. For the remainder of the
408  dehydration series, exchanges were performed at -20°C overnight in 60%, 70% ,80% ,90%
409 ,100% ,100%, 100% (v/v) acetone. After the third 100% acetone treatment, samples were
410 incubated overnight and then moved to room temperature to acclimate for ~30 min before the
411 final dehydration in 100% acetone two times for 10 minutes at room temperature.

412

413  Samples were infiltrated in Spurr’s resin (Sigma Aldrich, St. Louis, MO, USA) in 3:1, 2:1, 1.1,
414 1.2, 1:3, 100% acetone:hard Spurr resin without the hardener of the resin (DMAE) to prevent
415  premature polymerization, each overnight at room temperature on a rotator. This was followed
416 by two exchanges of 100% hard Spurr’s resin with DMAE, overnight at room temperature on a
417  rotator, with the lids removed. Finally, samples were microwaved at 100W and 40°C for 1 hour

418  and subsequently put into a 70°C oven to polymerize.

419  Imaging

420  To prepare samples for SBFSEM, the embedded tissue was trimmed and sectioned using aLeica
421  EM UC7 ultramicrotome. Ultrathin sections (~70 nm) were taken and checked for quality using

422  aFEl Technai G2 20 Twin (Thermo Fisher, Waltham, MA, USA). Samples were then transferred
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423  to a SBFSEM stub, which is the sample holder, trimmed on the ultramicrotome using a glass
424  knife, after which a Technics Hummer V Sputter Coater was used to apply 10 nm of gold
425  coating. For imaging, an Apreo VolumeScope SEM (Thermo Fisher, Waltham, MA,USA) with
426 the VS-DBS: LoVac lenssmounted BSED detector was used. Imaging conditions were set to 2
427 KV accelerating voltage, 50 Pa chamber pressure, a beam current of 0.10 nA, a pixel size of 20 x
428 20 nm, and adwell time of 3 ps.

429  Image Processing

430 The SBFSEM image stacks were processed for volume analysis using software specifically
431  designed to work with SBFSEM stacks, Amira (Thermo Fisher, Waltham, MA, USA). Partial
432  stacks (~500 images) were imported into Amira, and a gaussian filter (XY, standard deviation 1,
433 1, kernel size factor 2) was used to remove noise. Images are then inverted, resampled (Lanczos
434  Filter, Voxe Size: x= 40, y= 40, z= 40), and then exported as a sequence of 2D tiff files. This
435  process was repeated until the entire SBFSEM stack had been processed and exported as
436  described above. The complete stack of processed images was then imported into Amira,
437  cropped around the area of interest and contrast matched (XY planes, mean & variance) using
438  the best contrasted image within the stack as a reference. This made the contrast consistent for all
439  images throughout the SBFSEM stack. Auto align slices (Rigid, Align and Resample) was run to
440 automatically align all SBFSEM dlices. Images were cropped again to remove overlapping edges
441  created by the alignment, and a median filter (XY planes, 3 iterations, Iterative) was used to
442  remove remaining noise. Finaly, the stack was exported as a set of 2D tiff files. The fully
443  processed stack was then imported into Image] as an image sequence, manually contrasted, and
444  saved as atiff, creating a 3D tiff stack.

445  VolumeAnalysis
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446 Volume anayss of SBFSEM dacks was done usng Anatomics MLT
447  (https.//github.com/ajbrookhouse/WSU_PlantBio_ML), a machine learning algorithm designed
448  to analyze volumes, object counts, and surface areas of features within SBFSEM stacks. Amira
449 was used to labd all chloroplasts within a sequence of 10 processed images with the
450  Segmentation tool by using the brush, then images and labels were exported as separate 3D tiff
451  files. These stacks were then used in the train function of Anatomics MLT (Training Config:
452  Instance.yaml, 100,000 iterations) to train the program to label chloroplasts. The model was then
453  used in the Auto-Label section to label full image stacks. Finaly, the Output Tools tab was
454  designed to analyze data from the created labels and can be used to create mesh or point clouds
455  to visualy display the labels. This was used to calculate chloroplast volumes and create Point
456  Clouds of the labels which were viewed and overlayed with original images to check for labeling
457  accuracy using the Visualize tab.

458  Statistical Analysis

459  Graphing and statistical analysis was done using GraphPad software (Dotmatics, Boston, MA,
460 USA). Means as well as standard deviation and error were calculated. One-way ANOV As were
461  used to determine statistical significance between biological replicates, genotypes, and imaging
462  techniques. A 2-way ANOVA was run to analyze volume data within the chloroplast
463  fluorescence dataset, comparing each growth cycle within a genotype to the volumes of
464  chloroplasts between genotypes. A 3-way ANOVA was aso used to compare chloroplast
465  volumes of genotypes within each imaging method and to compare volumes of chloroplasts of
466  each genotype between imaging techniques.

467  Accesson numbers
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468 arcs-2 (SAIL_71_D11, S870785), 35s-PDV1 35s-PDV2, ARC5 (AT3G19720), PDV1

469  (AT5G53280), PDV2 (AT2G16070), OEP7.1 (At3g52420)
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477  Short legendsfor Supporting Information

478  Figure Sl1: A, Freguency distribution of al mesophyll chloroplast volumes calculated based on
479  chlorophyll fluorescence shows a distribution towards lower volumes in 35s-PDV1 35s-PDV2
480 than in Col-0. B, Frequency distribution for chlorophyll-based chloroplast volumes in arc5-2
481  shows volumes below 1000 pm? are the most common. However, values reach as high as 7000

482 pm-.

483 Figure S2: Freguency distribution of guard cell chloroplast volumes shows very similar

484  distribution and overall volumes between all three genotypes.

485 Table S1: Summary of chloroplast volumes in pum3 calculated using image stacks from each

486  method employed. For each genotype the average and standard error are presented.

487  Movie S1-3: Video reconstructions showing confocal Z-stacks of each genotype, 35s-PDV1 35s-

488 PDV2, Col-0 and arcb-2, respectively. Scale bars denote 20 um.
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489  Movie $4: Video reconstruction of scanning through a 35s-PDV1 35s-PDV2 SBFSEM image

490  stack.

491 Movie S5: Video reconstruction of scanning through a Col-0 SBFSEM image stack.

492  Chloroplasts are labeled using the machine learning algorithm and displayed in cyan.

493  Movie S6: Video reconstruction of scanning through an arc5-2 SBFSEM image stack.

494
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637 diagram of the Arabidopsis plant shows the size of the plants when imaging and sample
638  preparation was done. The * indicates the leaves used for imaging, and circles indicate the
639  location on each leaf. From here, these samples were either used immediately for imaging using
640 confocal microscopy or fixed and prepared for SBFSEM. B, No apparent changes in plant
641  growth or appearance were observed in long-day cultivated genotypes used in this study, 35s-
642 PDV1 35s-PDV2, Col-0, arc5-2 (scale bars = 2 cm). C, Confocal images of chlorophyll
643  fluorescence for each genotype show clear size differences in mesophyll chloroplasts (scale bars
644 =25 um). D, Confocal images of guard cell chloroplasts taken using chlorophyll fluorescence
645  shows similar chloroplast volumes within guard cells of the three genotypes investigated (scale
646 bars = 25 um). E, Comparison of mesophyll chloroplast volumes deduced from z-stack of
647  chlorophyll fluorescence recordings. Individual grow-outs are shown for each genotype.
648  Statistical analysis done by one-way ANOVA with Tukey’s multiple comparison test (p<0.05)
649  showed no significant difference between Col-0 and 35s-PDV1 35s-PDV2 chloroplast volumes,
650 neither in the full dataset, nor between any individual repetitions. Significant differences were
651 observed between arc5-2 and 35s-PDV1 35s-PDV2 but aso between arc5-2 and Col-0
652  mesophyll chloroplast volumes. Letters above each sample in the graph indicate groups of
653  significance (xSE). F, Chloroplast numbers per mesophyll cell were counted and show an
654  inverse relationship to that of chloroplast volumes observed between the genotypes. 35s-PDV1
655  35s-PDV2 has the highest average number of chloroplasts per cell with around 90 chloroplasts,
656  followed by Col-0 averaging dlightly fewer, at around 70 chloroplasts per cell. Finaly, arcb-2
657  mutants showed by far the lowest chloroplast count per cell with an average of 5 chloroplasts
658 (xSE). G, Guard cel chloroplast volumes calculated based on z-stacks of chlorophyll

659  fluorescence recordings, in three separate grow outs, statistical analysis shows no significant
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660  difference (p<0.05) between any of the genotypes, neither within the whole dataset nor within
661 individual growing cycles. Letters above each data set again show groups of significance (+SE).
662 H, Guard cell chloroplast counts show that, unlike the similarities in volumes, a slight difference
663  in average chloroplast number per guard cell can be observed. Col-0 guard cells contain on
664  average 4.5 chloroplasts, while both the 35s-PDV1 35s-PDV2 and arc5-2 genotypes contain only
665 around 3.5 chloroplasts per guard cell (£SE). For each data set, plastid volumes were collected

666  from three plants per grow out (n=3).

667

668 Figure 2: Comparing mesophyll chloroplast volumes deduced from chlorophyll
669  fluorescence and an envelope membrane located fluorescent marker. Comparison of A,
670  chlorophyll fluorescence, B, the outer chloroplast envelope labeled with CFP visualized in C, as
671  an overlay in Col-0 (scale bar = 10 um). D, comparison between chloroplast volumes extracted
672 by chlorophyll fluorescence and CFP envelope marker shows dlightly higher volumes in each
673  genotype when calculated using the CFP marker. A statistically significant difference (p<0.05) in
674  chloroplast volumes was only found between Col-0 and 35s-PDV1 35s-PDV2 when compared to
675  arch-2 mutants. No significant difference is observed between imaging methods when looking at

676  individual genotypes (+SE).

677

678 Figure 3. Chloroplast volume analysis using SBFSEM. A, Reconstructions of Col-0
679  chloroplasts by using SBFSEM. Green objects represent chloroplasts labeled using the machine
680 learning algorithm, while in grey a surface was created by thresholding, representing mostly the

681  cell wall and some other high contrast objects within the cells (scale bar = 12.5 um). B, Deduced
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682  chloroplast volumes measured by SBFSEM imaging. Statistical significance (p<0.05) in
683  chloroplast volumes is shown by numbers above each dataset in the graph. A significant
684  differencein chloroplast volumes can only be seen between Col-0 and arc5-2, as well as between
685 35s-PDV1 35s-PDV2, and arc5-2. C, Volume frequency distributions of Col-0 and 35s-PDV1

686  35s-PDV2 shows a shift in volume distribution between the two genotypes (xSE).

687

688  Figure 4: Comparison of chloroplast volumes measured by imaging type. A-C, comparison
689  of mesophyll chloroplast volumes extracted using confocal imaging of chlorophyll fluorescence
690 (Chl a), CFP envelope marker, and SBFSEM. The means of the data collected using each
691 imaging method was taken for all genotypes. Each pair of imaging methods is compared by
692  plotting the means (=SE). An identity line was added to highlight differences in means between
693  imaging types in each graph. This shows overall similar volumes and distributions between the
694  methods, with data extracted using the CFP envelope marker showing the largest volumes and
695  chlorophyll fluorescence having the lowest. A one-way ANOVA done for statistical analysis
696  only showing a significant difference (p<0.05) when comparing 35s-PDV1 35s-PDV2 and Col-0
697 volumes acquired by either method to arc5-2. No significant difference was found between

698  imaging methods for any genotype.
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