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Introduction

The demand for global food production is estimated to increase
between 50% and 100% by 2050 due to predicted growth in glo-
bal population and increase in calorie demand associated
with growing incomes (Tilman ez al, 2011; Alexandratos &
Bruinsma, 2012; FAO et al, 2020). However, the annual
increase in yield of most staple crops is not rising at a sufficient
pace to double global production by 2050 (Ray ez al.,, 2013). In
addition, future food security will also require mitigation of yield
losses due to negative environmental factors, such as drought and
heat (Le Quéré er al, 2009; Lobell ez al, 2014; Dalin er al.,
2017; Kim ez al., 2017), and new directions for research and pol-
icy have to be undertaken to help meet both sustainability and

production goals (Hunter et 4/, 2017).

Improving photosynthetic efficiency has recently emerged as a
promising way to increase crop production in a sustainable man-
ner (Rosenthal ez al, 2011; Long er al, 2015; Kromdijk
et al., 2016; Kohler et al., 2017; Bailey-Serres et al., 2019; Erma-
kova et al., 2019; Simkin et al., 2019; South ez al., 2019; Lépez-
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Summary

¢ Improving photosynthetic efficiency has recently emerged as a promising way to increase
crop production in a sustainable manner. While chloroplast size may affect photosynthetic
efficiency in several ways, we aimed to explore whether chloroplast size manipulation can be
a viable approach to improving photosynthetic performance.

e Several tobacco (Nicotiana tabacum) lines with contrasting chloroplast sizes were gener-
ated via manipulation of chloroplast division genes to assess photosynthetic performance
under steady-state and fluctuating light. A selection of lines was included in a field trial to
explore productivity.

e Lines with enlarged chloroplasts underperformed in most of the measured traits. Lines with
smaller and more numerous chloroplasts showed a similar efficiency compared with wild-type
(WT) tobacco. Chloroplast size only weakly affected light absorptance and light profiles within
the leaf. Increasing chloroplast size decreased mesophyll conductance (g,) but decreased
chloroplast size did not increase gn,. Increasing chloroplast size reduced chloroplast move-
ments and enhanced non-photochemical quenching. The chloroplast smaller than WT
appeared to be no better than WT for photosynthetic efficiency and productivity under field
conditions.

e The results indicate that chloroplast size manipulations are therefore unlikely to lead to
higher photosynthetic efficiency or growth.

Calcagno er al., 2020; Yoon et al., 2020; De Souza ez al., 2022).
In the current study, we explored whether photosynthetic effi-
ciency could be improved by modifying chloroplast size. Chloro-
plast size may affect photosynthetic efficiency in several ways.
First of all, smaller chloroplasts have a proportionally greater sur-
face area relative to their volume than large chloroplasts, which
could be expected to improve CO, diffusion. As a result, chloro-
plast size could affect the CO; conductance from intercellular air-
space to chloroplast stroma (Weise er al, 2015; Xiong
et al., 2017), which is termed mesophyll conductance (g,,). Lower
Zm is associated with larger chloroplasts (Weise ez al., 2015), but
the opposite scenario, increased g, due to reduction in chloro-
plast size, has not yet been assessed. Second, chloroplast size may
also affect leaf light absorption characteristics. Light attenuation
is an important component of photosynthetic efficiency, and the-
oretically, a uniform distribution of light across all chloroplasts is
optimal for photosynthetic efficiency because of the hyperbolic
shape of the photosynthetic light response (Xiao er al., 2023).
Lower transmission was observed for leaves of chloroplast mutant
lines with large chloroplasts (Jeong et al, 2002; Koniger ez al.,
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2008), but it is currently unclear to what extent this was caused
specifically by size alterations or instead by concomitant reduc-
tions in chlorophyll content and chla: chlé ratio. Finally, chloro-
plast size is also important for the ability to undergo chloroplast
movements. The movement toward weak light and movement
away from strong light contribute to photosynthetic efficiency via
maximization of light interception and protection from photo-
damage, respectively (Wada er al., 2003). Several studies have
shown that large chloroplasts have a reduced ability to undergo
photorelocation, affecting the time required to adjust to light
fluctuations (Jeong ez al, 2002; Kéniger ez al, 2008; Dutta
et al., 2017). However, the effect of reducing chloroplast size on
the photorelocation response has received little attention (Dutta
etal., 2017).

The molecular mechanism of chloroplast division is well
known. The filamenting temperature-sensitive Z (FtsZ) 1 and
FtsZ2 proteins initiate division by the formation of a ring in the
stroma. The FtsZ ring is stabilized by the Accumulation and
Replication of Chloroplasts 6 (ARC6) protein that spans across
the inner chloroplast envelope. Through the interaction with
ARCG6 and mediation of paralog of ARCO, the outer envelope-
spanning proteins of Plastid Division (PDV) 1 and PDV2 are
recruited to the division side. Then, the PDVs recruit the
dynamin-related protein so that the entire division complex is
formed and fission of the chloroplast can occur. Distortion of the
ratio of FtsZ1 : FtsZ2 protein results in a smaller population of
enlarged chloroplasts (e.g. Osteryoung er al, 1998; Jeong
et al., 2002; Dutta er al., 2017), while overexpression of either
PDV1 or PDV2 leads to more numerous but smaller chloro-
plasts, with the effect being exacerbated when both are jointly
overexpressed (Okazaki ez al., 2009).

Here, we aimed to explore whether chloroplast size manipula-
tion can be a way to improve photosynthetic performance. To do
so, we generated several tobacco (Nicotiana tabacum) lines with
contrasting chloroplast sizes via manipulation of the chloroplast
division proteins FtsZ and PDV. These lines were used to assess
photosynthetic performance under steady-state and fluctuating
light. Furthermore, a selection of lines was included in a field trial
to explore productivity. Altogether, the results indicate that alter-
ing chloroplast size may not have much potential to improve
photosynthetic efficiency, with lines with enlarged chloroplasts
most clearly underperforming in most of the measured traits.
Lines with smaller, more numerous chloroplasts generally showed
a similar efficiency compared with wild-type (WT) tobacco; how-
ever, none of the hypothesized benefits were observed and pro-
ductivity was negatively impacted.

Materials and Methods

Plant material and transformation

Three binary plasmids were used in transformation, pATFTSZ1,
pSLPDVI, and pSLPVD?2, containing the coding sequence of
Arabidopsis thaliana filamenting temperature-sensitive Z 1 gene
(AtFtsZ1), tomato (Solanum lycopersicum) plastid division protein
1 (S/PDVI), and the tomato plastid division protein 2 (S/PDV2),

New Phytologist (2023)
www.newphytologist.com

New
Phytologist

respectively (Supporting Information Fig. S1). The chloroplast
thaliana Ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) small subunit 1b

division genes were driven by A

promoter. All plasmids were assembled using the golden-gate sys-
tem (Engler ez al., 2009). Nicotiana tabacum L. cv Petit Havana
(NN)  was

transformation

resistance transformed  using

2000).

Between 25 and 29 independent events were generated per con-

carrying 'TMV
Agrobacterium-mediated (Clemente,

struct. T-DNA copy number for each event was assessed using
digital droplet PCR (ddPCR; Glowacka et al, 2016; primer
sequences in Table S1). For each construct, homozygous T2
progeny were obtained for 5-8 independent events with a single
T-DNA insertion site, as well as one line with two T-DNA
insertion sites (PDV2-1). Results shown in this paper are either
for homozygous offspring of T2 generation or F1 progeny of the
cross between SIPDV2 and SIPDV1 lines. Corresponding WT
seeds collected from WT which was grown alongside and under
the same conditions as the transformants were used as the control
in all experiments.

Plant propagation in glasshouse or growth chamber

Seeds were germinated on growing medium (LC1 Sunshine mix;
Sun Gro Hortculture, Agawam, MA, USA) in a controlled
environment walk-in growth chamber (Environmental Growth
Chambers, Chagrin Falls, OH, USA) with 12 h photoperiod, 18°C
: 20°C (night : day) and light intensity of 150 pmol m™?s™". Five
days after germination, seedlings were transplanted to 9 X 4 potting
trays (3600 series; Hummert International, Earth City, MO, USA)
and grown until two true leaves had emerged in glasshouse or
growth chamber (PGC20; Conviron, Winnipeg, MB, Canada)
with 16 h photoperiod and air temperature controlled at 20°C :
25°C (night : day) and light controlled at 500 pmol m™ s, At
the two-leaf stage, seedlings were transplanted to 3.81 pots (400C;
Hummert International) filled with growing medium (LC1 Sun-
shine mix; Sun Gro Horticulture) supplemented with 10 g granu-
lated fertilizer per pot (Osmocote Plus 15/9/12; The Scotts Co.
LLC, Marysville, OH, USA). Pots were randomized in position
and spaced 30 cm apart on the glasshouse table or inside the growth
chamber. Plants were watered, and plant positions were changed

randomly every other day until the fifth leaf was fully expanded.

Gene expression

Lines were grown in three batches with corresponding WT
included in each batch. A total of 2.9 cm” from the most recent
fully expanded leaf were sampled per plant ¢. 2 h after the start of
the photoperiod. The mRNA extracted using NucleoSpin RNA/
Protein kit (REF740933; Macherey-Nagel GmbH & Co. KG,
Diiren, Germany) was treated by DNase (Turbo DNA-free kit,
AM1907; Thermo Fisher Scientific, Waltham, MA, USA) before
being transcribed to ¢cDNA using Superscript III First-Strand
Synthesis System for RT-PCR (18080-051; Thermo Fisher
Scientific). RT-qPCR was used to quantify expression levels of
the transgenes AtFTSZ1, SIPDV1, and SIPDV2, and the corre-
sponding native genes NtFTSZ1, NtPDV1, and NtPDV2 relative
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to actin (NtActin) and elongation factor-la (NtEF-Ia; primer
sequences in Table S1).

Chloroplast morphology

Before collection of tissue for microscopy, plants from controlled
environment were incubated in weak laboratory light for ¢. 20 h
to destarch chloroplasts. For field-grown plants, leaves were cov-
ered in aluminum foil sleeves the evening before sampling ¢. 2h
after sunrise the next day. Fragments of the second interveinal
segment were collected from fully expanded leaves, the epidermal
layer was removed from the abaxial side, and samples were fixed
for 1h in the dark in 3.5% glutaraldehyde (16 000; Electron
Microscopy Science (EMS), Hatfield, PA, USA). The fixed tissue
was softened in 0.1 M Na,EDTA pH 9 (E6635; Sigma) for 20

min at 50°C with shaking (modified from Okazaki et 4/, 2009)
and stored at 4°C until imaged. The suspended protoplasts were
mounted on a slide, and chloroplast features were analyzed using
a confocal microscope with Nomarski optics (LSM 710; AxioOb-
server using the C-Apchromat 40x/1.20 W Korr M27 objective;
Zeiss). A practical decision was made to focus the chloroplast
morphological analysis exclusively on palisade mesophyll cells,
since these appeared to have more uniform chloroplast morphol-
ogy than spongy mesophyll cells. Image analysis was performed
in IMAGE] (1.53e; NIH, Rockville, MD, USA) to obtain the dia-
meter at the major (LD) and minor (SD) axis and estimate the
chloroplast number per cell. The eccentricity (¢), as a measure of
the deviation from circularity, was calculated according to Eqn 1:

Eqn 1

The spheroid volume (V;) and area (A4, were calculated
according to Eqns 2, 3, respectively:

LD\ *SD
v, - <_) b Eqn 2
2 2
LD\>  (2)° /1
A, =2xn (—) + nulog (i> Eqn 3
2 e 1—e

Based on the chloroplast morphology, line FTSZ1-16 was
selected to evaluate the effect of large chloroplasts and lines
PDV1-9 and PDV2-17 were selected to evaluate the effect of
small chloroplasts on photosynthetic efficiency and growth. To
obtain a further reduction in chloroplast size, the F1 generation
of a cross between PDV2-9 and PDV1-9 was also included for
further analysis.

Chloroplast movement

Transition of chloroplasts from the accumulation at the top of
the cell in the low light to avoidance position on the vertical walls
in high light and vice versa were estimated from time series of
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transmittance in the wavelength between 600 and 650 nm. To
stimulate chloroplast movement, blue-light illumination with
different intensity was applied, which is shown to be crucial in
the activation of chloroplast movement (Bana$ e 4/, 2012). For
the detailed protocol, see Methods S1.

Leaf anatomy and morphology

Leaf tissue was fixed in a mixture of glutaraldehyde and paraformal-
dehyde, dehydrated through a graded ethanol series, and then
imbedded in epoxy mixture for sectioning at 0.35 pm. Sections
were stained with toluidine blue and basic fuchsin and viewed with
an Olympus BH2 microscope (Olympus, Center Valley, PA,
USA). For details of the protocol, see Methods S2. IMAGE] software
was used to measure in the light micrographs the lengths of wall
exposed to intercellular airspace of mesophyll cells (Z,,,e;) and length
of the chloroplasts touching the plasma membrane appressed to the
intercellular air space (L.). Surface areas exposed to intercellular air-
space of mesophyll (8. and abutted by chloroplasts (S,) were cal-
culated using the following equations (Evans ez al, 1994):

Lmes

Smes =
w

Eqn 4

where Wis the width of each section and ¥ is the curvature cor-
rection factor of 1.34.

Eqn 5

M~

mes

Sections of 5% 10 mm of the second interveinal segment of
the fully expanded leaf were collected from glasshouse-grown
plants and embedded in 1% ultrapure agarose (16 500; Fisher,
Waltham, MA, USA) using a mold (50-930-532; Fisher). The
agarose block was cut in half and placed with the cut-edge-down
onto a fluorodish (50-823-005; Fisher) into a drop of water.
Using confocal microscopy (LSM710; Zeiss) equipped with EC-
Plan_Neoflor 10X objective, the leaf section was illuminated with
the excitation wavelength of 633 nm with the resulting chloro-
phyll fluorescence detected at 654 nm. Image analysis was per-
formed in IMAGE] to obtain the diameter at the major and minor
axis of the palisade mesophyll cells, the number of palisade meso-

phyll cells, and the width of the leaf.

Quantification of photosynthesis-related pigments

Photosynthesis-related pigments were extracted from leaf tissue
using 100% methanol. The absorbance at 470, 652, and 665 nm
of the extract was assessed spectrophotometrically. Concentra-
tions of chlg, chlb and total carotenoids were determined from
the measured absorptions following the equations of Lichtentha-

ler (1987). For the detailed protocol, see Methods S3.

Photosynthetic gas exchange and PAM fluorescence

Gas exchange measurements were performed using an open gas
exchange system equipped with a temperature-controlled leaf
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chamber incorporating an integrated modulated fluorometer and
LED illumination (LI6400XT and LI6400-40; LI-COR, Lin-
coln, NE, USA). Pulse amplitude-modulated chlorophyll fluores-
cence (PAM) measurements used the multiphase flash routine
(Loriaux ez al., 2013) in parallel with gas exchange measurements
at a range of light intensities to determine the light response of
net CO, assimilation (4,), linear electron transport (), and non-
photochemical quenching (NPQ). The environmental conditions
in the cuvette were maintained as follows: block temperature
at 25°C, (CO,) at 400 pmol mol™" and leaf-to-air water VPD
between 1.1 and 1.4 kPa. Leaves were dark-adapted overnight
(only the controlled condition-grown plants) and in the leaf cuv-
ette for an additional 20 min, after which minimal (£,) and maxi-
mal fluorescence (F,) were measured to determine maximal
efficiency of whole-chain electron transport (F/F,; Genty
et al., 1989):
Fy/Fn=(Fn—F,)/Fm Eqn 6

Subsequently, light-response curves were measured using
either 100% red LEDs or 90% red and 10% blue LEDs by slowly
increasing from 0 to 50, 80, 110, 140, 170, 200, 300, 400, 500,
600, 800, 1000, 1500, and 2000 pmol m *s~'. Both curves
were measured on the opposite sides of the midrib on the same
leaf. For field-grown plants, the environmental conditions in the
cuvette were maintained as followed: block temperature at 30°C,
(CO,) at 400 pmol mol ' and leaf-to-air water VPD below 1.5
kPa. After steady-state gas exchange was reached at 2000 pmol
m?s™! (90%/10% red/blue), light intensity was varied from
2000 to 1500, 1000, 800, 600, 400, 200, 170, 140, 110, 80, and
50 pmol m™ s, In all cases, when steady state was reached gas
exchange parameters were logged and F and F/, were measured
to estimate PSII operating efficiency (@PSII) according to Eqn 7
(Genty ez al., 1989) and in case of glasshouse-grown plants also
NPQ Eqn 8 (Bilger & Bjérkman, 1994)

(Fu—F)
PPSIT = 21— Eqn 7
Fin

Leaf absorptance of incident irradiance (a;) was measured as
close as possible to the spot where gas exchange analysis was per-
formed, using a LI1800 integrating sphere connected to a USB-
2000 spectrometer. Rates of J were determined according to
Eqn 9.

J =a x ®PSIl x PFD x 0.5 Eqn 9
where PFD is the incident photon flux density (pmol m2sh.

Quantum efficiency of linear electron transport (®PSII,..)
and quantum efficiency of leaf net CO, assimilation (@CO,,,,,)
were derived from the initial slope of the light response of /and
A, respectively. Mitochondrial respiration rate in the light (R)
was the y-axis intercept of the light response of A,,. Jima. and A,
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were obtained by fitting a nonrectangular hyperbola to the light-
response curves of J and A,, respectively (Long & Bernac-
chi, 2003). The light responses of NPQ were fitted to a sigmoidal
Hill function (Eqn 10; Kromdijk e al, 2019) by fitting the
asymptote of the response (NPQ,,,), the j-axis intercept;
(NPQy), the PFD in which NPQ reaches half of the maximum
values (Knpq) and the Hill coefficient (nNPQ).

(NPQmax _NPQO)
Knon nNPQ
(Fas)™ " 1

In addition to the steady-state light-response curves, a dynamic
light-response curve (90% red and 10% blue LEDs) was recon-

NPQ = +NPQ, Eqn 10

structed from a timed series of changes in light intensity. First,
leaves were allowed to reach steady-state gas exchange at 2000 p
mol m™ s ", Then, light intensity was set to 14 decreasing values
as in Kromdijk e 4/ (2016). Each step lasted 4 min and was pre-
ceded by 4 min of 2000 pmol m™?s™". At each light intensity,
the F’ and F!  and gas exchange parameters were determined
after 60, 140, and 220 s. The values of these three measurements
were averaged and used to reconstruct light-response curves ana-
lyzed as described previously.

To analyze the CO, response of 4,, leaves were clamped in the
cuvette with block temperature controlled at 25°C (or 30°C for
field-grown plants) and light intensity set to 2000 pmol m™*s~"'
(90% red and 10% blue LEDs). CO, concentration in the cuv-
ette was set to 14 subsequent values 400, 300, 250, 200, 150,
100, 75, 400, 400, 600, 800, 1000, 1200, and 1500 pmol mol ™!
and gas exchange parameters were logged when steady state was
reached. The resulting gas exchange measurements were corrected
for leaks between the cuvette and the surrounding atmosphere
estimated from dark measurements of mitochondrial respiration
(R, at contrasting CO, concentrations. A model for leaf photo-
synthesis (Farquhar er al., 1980) with temperature corrections
was fitted to the response of A, to intercellular CO, concentra-
tion (G) to estimate the maximal carboxylation rate (V_ g0,
maximal linear electron transport rate (/y.,), and triose phos-
phate utilization rate (TPU) using the spreadsheet provided by
Sharkey et al. (2007).

Carbon isotope discrimination (A"3C) and estimation of g,

Mesophyll conductance was derived from carbon isotope discri-
mination (A'’C) during photosynthetic gas exchange. A'’C was
determined as described before (Kromdijk er al, 2020)
with some small modifications. Leaves were clamped in the cuv-
ette of an open gas exchange system with integrated multiphase
flash fluorometer (LI6800; LI-COR). Light intensity was set
to 2000 pmolm *s™', leaf temperature was controlled at
25°C, and CO, concentration in the cuvette was maintained at
400 pmol mol ', Measurements were performed at O, concen-
trations of 2 or 21%. CO, samples from reference line and cuv-
ette air were obtained from the LI6800 exhaust ports using two
parallel cryogenic trapping and purification lines under partial
vacuum as described in Kromdijk ez @/ (2010). After A4, and
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stomatal conductance had reached steady state, samples of CO,
were collected from reference and cuvette air for 5 min, while gas
exchange parameters were logged. The carbon isotope composi-
tion of samples was analyzed on an isotope ratio mass
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Fig. 1 Effect of ectopic expression of chloroplast division genes on
transcript and chloroplast morphology in Nicotiana tabacum grown under
glasshouse conditions. (a) The total accumulation of filamenting
temperature-sensitive Z1 (FtsZ1), plastid division protein 1 (PDV1) and
PDV2 mRNA. (b) Size of chloroplasts estimated from the major axis dia-
meter and shape estimated from (c) the ratio of chloroplast area to its
volume and (d) eccentricity. The FTSZ1-11 and -16 lines express gene of
Arabidopsis thaliana FtsZ1; PDV1-2, -4, -8, and -9 lines express tomato
(Solanum lycopersicum) PDV1, PDV2-1, -9, and -17 lines express tomato
gene of PDV2; PDV2-9 x PDV1-9 is F1 generation of a cross of PDV2-9
and PDV1-9 lines. In each panel, data are expressed as relative difference
with the corresponding wild-type (WT). In panel (a) error bars indicate SE
(n from 3 to 6 biological replicates); in panels (b—d) error bars indicate SE
(n =3 biological replicates with the exception of PDV2-1, WT correspond-
ing to PDV2-1 and WT corresponding to FTSZ1-11 for which two biologi-
cal replicates were analyzed; biological replicate for each line represents
200 chloroplasts with the exception of FTSZ1-16 line where each biological
replicate represents from 40 to 52 chloroplasts and FTSZ1-11 for which
each biological replicate represents from 181 to 200 chloroplasts). In all
panels, asterisks indicate significant differences between transgenic lines
and corresponding WT in Dunnett's two-way test: P <0.05. Data used to
produce this figure are given in Datasets S1, S2.

spectrometer (SIRA series II; VG Isotech, modified by Provac
Ltd, Crewe, UK). AC was derived from measured CO, mole
fractions and isotope compositions in reference and cuvette air,
according to Evans ez al (1986). From ABC gm was calculated
using equations of Evans & Von Caemmerer (2013), using 29%o
for Rubisco fractionation factor 4 and 16.2%o for photorespira-
tory fractionation factor f

Estimation of light profiles within the leaf

Profiles of absorbed light within the leaf were measured using
light-sheet microscopy, as in Slattery ez al. (2016). To investigate
the effect of reduction in internal scattering due to phase changes,
water-infiltrated and unfiltered samples were used. The leaf sec-
tions were illuminated with the following excitation wavelengths:
405, 488, 561, and 638 nm, and the light absorption was deter-
mined from chlorophyll fluorescence. For the detailed protocol,

see Methods S4.

Field experiment

The seeds of FTSZ1-16, PDV2-17, PDV2-9 x PDV1-9, and
WT were sown in the glasshouse on 7 May 2018. Twenty-four-
day-old seedlings were transplanted by hand to a field at the
University of Illinois Energy Farm (40.11°N, 88.21°W). The
experiment used a complete randomized block design with 12
blocks of 6 X 6 plants (Fig. S2). The field weather conditions are
reported in Fig. S3. Photosynthesis measurements were per-
formed 17 and 20 d after transplanting. Plants were harvested on
July 7, 2018. For the detailed protocol, see Methods S5.

Statistical analysis

All statistical analyses were performed with SAS (v.9.4; SAS
Institute Inc., Cary, NC, USA). Data were tested with the
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Table 1 Morphological and anatomical traits of chloroplast and leaf of growth-chamber-grown Nicotiana tabacum lines with modified chloroplast sizes

and corresponding wild-type (WT).

Parameter FTSZ1-16 WT PDV1-9 PDV2-17 PDV2-9 x PVD1-9 P-value
Chloroplast morphological traits

LD (pm) 21.1+£0.9*% 6.66 +£0.05 6.28 £0.07 6.20+0.03 5.84+0.11* < 0.0001
SD (um) 13.9+0.7* 4.94 4+0.09 5.10£0.04 4.89+0.09 4.654+0.05 < 0.0001
SD/LD (-) 0.666 + 0.007* 0.749 £ 0.010 0.820+0.011* 0.797 £0.011* 0.803 + 0.008* < 0.0001
Area (um?) 899 £ 80* 91.4+1.7 83.5+1.3 80.9+0.9 725 +£2.3% < 0.0001
Volume (pms) 3497 £520%* 119+4 109+2 103 +£2 88.1+3.5% < 0.0001
Area/Volume (—) 0.294 £0.024* 0.798 £0.012 0.797 £0.005 0.823 £0.010 0.870£0.013* < 0.0001
Eccentricity (—) 0.745 £0.017* 0.644 £0.014 0.541 £0.017* 0.579 £0.016* 0.567 £0.012* < 0.0001
Leaf morphological and anatomical traits

Chloroplast number/Cell (-) 13.5+0.6% 88.5+13.4 94.8+9.9 1247 +49 93.3+10.6 < 0.0001
Cell LD (pm) 173£35 146 £17 128+7 153 +£3 135+6 0.48
Cell SD (um) 322424 36.0£35 355+3.2 344+1.1 30.8+0.8 0.54
Cell number/100 pm (um™") 3.18£0.21 3.07+£0.33 3.13£0.15 3.03 +£0.09 3.28+0.16 0.89
Lmeas (pm) 4390+ 214 4469 + 247 4868 + 360 4284 + 291 4241 £+ 309 0.57
Lc (pm) 3998 £ 175 3894 £ 265 4402 £+ 331 3795 £ 222 3840 £309 0.54
Semes (M>mM~2) 15.7+0.8 16.0+0.9 174+13 153+1.0 15.1+1.1 0.57
S (m?*m™2) 143+0.6 13.9+0.9 156.7+£1.2 13.6+0.8 13.7+£11 0.54
S¢/Smes (=) 0.910 £0.010 0.871+0.022 0.904 +0.003 0.887 +0.010 0.904 +0.014 0.25
Leaf width (um) 331+10 374 +40 315+8 355 +13 337+24 0.45

Fully expanded leaves of wild-type N. tabacum (WT) and selected lines expressing AtFtsZ1 (FTSZ1-16) AtPDV1 (PDV1-9); AtPDV2 (PDV2-17) and the F1
offspring from lines expressing AtPDV1 and AtPDV2 (PDV2-9 x PDV1-9). Length of diameter at the major (LD; pm) and minor (SD; pm) axis of chloro-
plasts were measured in three biological replicates with 200 chloroplasts each, with the exception of the large chloroplast line (FTSZ1-16) for which each
biological replicate represents between 40 and 52 chloroplasts. The LD and SD were used to calculate chloroplast area, volume, and eccentricity. LD and
SD of palisade mesophyll cells, cell number per 100 pm of palisade mesophyll layer, and leaf width were measured in three biological replicates (two techni-
cal replicates per biological replicate). From each leaf fragment, six palisade mesophyll cells were measured, the total number of palisade mesophyll cells
within the field of view (853.3 x 853.3 pm) was counted, and the leaf width was measured. Length of mesophyll cells exposed to intercellular airspace
(Lmes), the length of chloroplast exposed to intercellular airspace (L.); mesophyll surface area exposed to intercellular airspace (Smes) and chloroplast surface
area exposed to intercellular airspace (S.) were measured in four biological replicates with the exception of PDV2-17 (n = 3) and each biological replicate
represents between two and three fields of view (375.3 x 375.3 pm). All numbers in table represent mean + SE (n = from 3 to 4 biological replicates). The
P-values in bold indicate significant effect of the line (P < 0.05). Asterisks show a significant difference from WT in Dunnett's two-way test: P < 0.05. Data

used to produce this figure are given in Datasets S3-S5.

Brown—Forsythe test for homogeneity of variance and the
Shapiro—Wilk test for normality. If either test discarded the null
hypothesis, data were transformed or a Wilcoxon nonparametric
test was performed. One-way analysis of variance (ANOVA) was
applied to transcript levels, chloroplast sizes, leaf anatomical and
morphological data, chloroplast movement, pigment, absorp-
tance, mesophyll conductance, and gas exchange data. In analysis
of biomass dry weight, leaf area, and plant height data from the
field experiment, a block was considered as a random effect. Sig-
nificant line effects in ANOVA (o = 0.05) were followed by test-
ing of line means against WT (a=0.05), using Dunnett’s
multiple comparison correction. Analysis of light absorption pro-
files was performed using multivariate analysis of variance
(MANOVA) and followed by post hoc Tukey test (o = 0.05).

Results

Molecular phenotype and chloroplast morphology

Relative to WT, the two lines carrying T-DNA of AtFtsZ1,
FTSZ-11 and -16 had a significant (? < 0.001) increase in total
(transgenic plus native) F7SZI transcript by 6- and 26-fold,
respectively (Fig. la; Dataset S1). An additional three lines
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carrying AtFTSZ1 T-DNA were also analyzed, but showed lack
of transgene expression in T2 homozygous generation (data not
shown). From two- to ninefold higher total of PDVs expression
(P<0.002) was observed for all eight studied lines carrying
T-DNA of S/PDVI and/or SIPDV2. The expression of the
transgenes caused a slight reduction in the expression of
the corresponding native genes but only in the FTSZ1-11 was
the reduction significant (P= 0.02) relative to WT.

As expected, disruption of the FtsZ ring via expression of
AtFTSZ1 in tobacco significantly increased chloroplast size
(Fig. S4a; Table 1; Dataset S2), as evident from the diameter at
the major axis in FTSZ-11 and -16 which was 21% and 218%
higher, respectively, than WT (P2<0.02; Fig. 1b). The vast size
increase of the chloroplasts in FTSZ1 lines led to a significant
decrease in the calculated ratio of surface area:volume from
—63% to —11% (P<0.01) relative to WT (Fig. 1¢). In addition,
the deviation from circularity as determined from the eccentricity
was larger than WT in FTSZ-16 (16%; P=0.003; Fig. 1d).

Expression of SIPDVI and SIPDV2 in tobacco gave rise to a
subtle chloroplast size reduction (Fig. S4; Table 1). For instance,
chloroplasts of the F1 hybrid line PDV2-9 X PDV1-9, expressing
both S/PDVI and SIPVD2, significantly differed from WT in six
out of seven (Table 1; Dataset S3) analyzed morphological traits of

© 2023 The Authors
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chloroplasts with a 13% decrease in the major axis diameter (P=
0.005; Fig. 1b). As a result of the decrease in size, the chloroplast
surface area:volume ratio was significantly increased (9%, P=
0.02; Fig. 1¢) compared with WT. Interestingly, the smaller chloro-
plasts were more circular than WT, as measured by a significant
decrease in eccentricity (—12%; P=0.02; Fig. 1d). Based on the
chloroplast morphology, line FTSZ1-16 was selected to evaluate the
effect of large chloroplasts and lines PDV1-9 and PDV2-17 and
PDV2-9 X PDV1-9 were selected to evaluate the effect of small
chloroplasts on physiological and growth traits.

Leaf anatomy and morphology

Although chloroplast morphology was significanty different from
WT in lines overexpressing FtsZ1, PDV1, and PDV2, this did not
seem to give rise to differences in leaf anatomy and morphology
(Table 1; Datasets S4, S5). Chloroplast number per cell changed in
the opposite direction of chloroplast size differences. Hence, FtsZ1-
16 showed a significant reduction in chloroplast number per cell
compared with WT (P=0.0006) and the small-chloroplast lines
had more chloroplasts per cell, although these differences did not
pass the significance threshold (P> 0.06). The ratio between chlor-
oplast surface area adjacent to the intercellular air space and meso-
phyll surface area exposed to intercellular airspace only marginally
differed between lines (P=0.25; Table 1).

Chloroplast movements

The ability to undergo chloroplast movements was assessed
on the most contrasting chloroplast sizes, that is, lines PDV2-
9XxPDV1-9 and FTSZ1-16. Chloroplast movements were esti-
mated from changes in red transmittance during transitions
between different chloroplast configurations triggered by blue
light with varying intensity. There were no significant differences
between the transmittance changes from accumulation to avoid-
ance or avoidance to accumulation configurations of PDV2-
9 X PDV1-9, compared with WT (Fig. 2; Dataset S6). However,
in line FTSZ1-16, transmittance changed significantly less from
accumulation to avoidance position (—60%; P=0.001) and
from avoidance back to accumulation position (—54%, P=
0.005) compared with WT (Fig. 2a,b). A significant genotype
effect (P=0.02) was found for the time constant of the transition
from accumulation to avoidance configuration, mainly driven by
the faster transitions observed in FTSZ1-16 (Fig. 2c). The time
constants for the transition from avoidance to accumulation con-
figuration were similar in all three lines.

Leaf absorptance and pigment composition

Spectrometric analysis of pigment extract showed significant
decreases in the chla: chlb ratio (—9%; P=0.04) and carote-
noids (—15%; P=0.005) in line FTSZ1-16 relative to WT
(Table 2; Dataset S7). The small-chloroplast lines did not show
any significant differences compared with WT. Despite the dif-
ferences in pigment composition in FTSZ1-16, absorptance of
leaves from all lines was relatively similar, with only small, but

© 2023 The Authors
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Fig. 2 Chloroplast movement in Nicotiana tabacum with modified
chloroplast sizes and corresponding wild-type. (a, b) Percentage of light
transmittance relative to the value measured before turning on the blue
light and (c, d) time constant for the youngest fully expanded leaves of
wild-type (WT) and lines with large (FTSZ1-16) and smaller (PDV2-9 x
PDV1-9) chloroplasts. (a, c) show the characteristics of chloroplast move-
ment from accumulation to avoidance position (from low to high light);
(b, d) show the characteristics of chloroplast movement from avoidance to
accumulation position (from high back to low light). Plants were grown in
the growth chamber. Error bars indicate SE (n = from 6 to 7 biological repli-
cates). The P-values indicate the effect of the line. Asterisks show a signifi-
cant difference from WT in Dunnett's two-way test: P <0.05. Data used
to produce this figure are given in Dataset S6.

significant decreases of ¢. 3-4% (P <0.04) in the green spectral
region for FTSZ1-16, PDV1-9 and PDV2-17 compared with
WT and even smaller decreases (—1%, P<0.03) in the red
region for FTSZ1-16 and PDV2-17 (Table 2; Dataset S8).

Leaf internal light profiles

Although measurements of leaf absorptance were relatively simi-
lar across the lines with both larger and smaller chloroplasts, this
does not necessarily imply that light absorption profiles within
the leaf were similarly unaltered. To find out whether light
attenuation profiles across the leaf vertical axis were impacted by
the different chloroplast sizes and shapes, light-sheet microscopy
was performed on leaves at four different wavelengths covering
the spectral range of photosynthetically active radiation. Table 3
shows the percentage of total absorbed light at different leaf
depths (Dataset S9). Absorption of light at 561 nm across the
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Table 2 Quantification of photosynthesis-related pigments and absorptance of irradiance in glasshouse-grown lines Nicotiana tabacum with contrasting

chloroplast sizes.

Parameter FTSZ1-16 WT PDV1-9 PDV2-17 PDV2-9 x PVD1-9 P-value
Pigments (mg m~2)
Chla 420+19 480+ 12 463 +21 455 £5 474 +9 0.06
Chlb 120+7 125+6 129+7 125+ 4 123 +4 0.86
Chlab 540 + 26 605 +17 592 +28 580+3 597 £12 0.18
Chla/b 3.51+0.08* 3.87+£0.10 3.60+0.06 3.66+0.17 3.86+0.07 0.05
Car 108 £ 4* 127 £3 121+4 120+ 4 121+2 0.02
Car/Chlab 0.201 £0.004 0.210£0.004 0.208 £0.014 0.206 £ 0.006 0.203 £0.005 0.92
Car/Chlb 0.906 +0.026 1.023 £0.036 0.959 +0.074 0.965 +0.061 0.984 +0.031 0.54
Absorptance
Blue 0.926 +0.002 0.929 +0.001 0.926 +0.001 0.925 +0.001 0.927 £ 0.001 0.15
Green 0.693 £0.004* 0.719 £0.006 0.697 £ 0.005* 0.692 £ 0.006* 0.713 £0.006 0.004
Red 0.873 £0.002* 0.884 +0.003 0.875 +0.003 0.871+0.003* 0.884 +0.002 0.005

The fully expanded leaves of lines with big (FTSZ1-16) and small chloroplasts (PDV1-9, PDV2-17 and PDV2-9 x PDV1-9) and wild-type N. tabacum (WT) were
used in analyses. The chlorophyll a (Chla), chlorophyll b (Chlb) and carotenoids (Car) contents were estimated on the leaf extract with the use of spectrometer.
Average absorptance was measured for the full spectrum of photosynthetically active irradiance (i.e. between 400 and 700 nm). Average values were calculated
for a range of wavelengths: 450-490 nm (blue) 540-560 nm (green) and 610-660 nm (red). Means + SE are shown (n = from 5 to 6 biological replicates for
pigment analyses and n = 6 biological replicates for absorbance analyses). The P-values in bold indicate the significant effect of the line (P < 0.05). Asterisks

show a significant difference from WT in Dunnett's two-way test: P <0.05. Data used to produce this figure are given in Datasets S7, S8.

three depth intervals was relatively similar for all lines in the non-
infiltrated samples. For the more strongly absorbed wavelengths
405 and 488 nm, absorption of light in PDV1-9 and PDV2-
9 X PDV1-9 leaves showed a significant shift from the upper (0—
100 pm) to midleaf (100-200 pm) relative to WT (P < 0.05),
and measurements at 638 nm showed a similar trend. In the infil-
trated samples, where internal scattering is reduced by phase
changes and thereby a shorted effective path length, relative
absorption in all transgenic lines tended to show a similar shift
from 0-100 to 100200 pm, relative to WT. This trend was sig-
nificant for measurements at 405 and 488 nm in the lines with
the most contrasting chloroplast sizes (FTSZ1-16 and PDV2-
9 X PDV1-9). Thus, light absorption occurred generally deeper
in leaves with smaller chloroplasts, while remaining relatively
similar in leaves with larger chloroplasts. The comparison with
the infilcrated samples may imply that internal scattering
increases superficial absorptance, most significantly in leaves with
larger chloroplasts.

Effect of chloroplast size on photosynthetic electron
transport and CO, assimilation

To determine the effect of contrasting chloroplast sizes on photo-
synthetic efficiency, light-response curves (90% red and 10%
blue light) of net CO, assimilation (4,) and photosynthetic elec-
tron transport (/) were measured in parallel. 4, was markedly
decreased in leaves with larger chloroplasts (FTSZ1-16; Fig. 3a;
Dataset $10), especially at higher light intensities. At 2000 pmol
m %s ), average A, in FTSZ1-16 was 30% lower than in WT
leaves (P = 0.003; Fig. 3b). By contrast, the lines with smaller
chloroplasts were not significantly affected compared with WT,
although PDV2-17 trended lower than WT, especially at higher
light intensities. Consistent with the A, measurements, / was sig-
nificantly perturbed by the enhanced chloroplast size in FTSZ1-
16 (Fig. 3b), which could be seen most prominently (2= 0.002)
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in the asymptote value which was 43% lower than in WT (/.
Fig. 3¢). In addition, slightly lower values for /were measured in -
PDV2-17, relative to WT. However, this difference seemed unre-
lated to the reduced chloroplast size in PDV2-17, since J in
PDV2-9 x PDV1-9 with the smallest chloroplast size was unaf-
fected. Consistent with the reduction in photochemical quench-
ing in FTSZ1-16, NPQ levels were significantly higher than WT
(Fig. 3g). This was reflected both in the NPQ level at 2000 pmol
m s, which was significantly higher (P=0.002; Fig. 3e¢) as
well as in a significantly lower value of Kypg (P=0.004; Fig. 3f)
which signifies the light intensity at which NPQ has reached
half-maximum levels (499 vs 1089 pmol m~*s™"', for FTSZ1-16
and WT, respectively).

The light-response measurements were repeated using 100%
red light to find out whether any of the responses in Fig. 3 were
affected by the differential ability of the lines to undergo chloro-
plast movements (Fig. 2). However, results were very similar
(Fig. S5; Table S2; Dataset S11). The lines were also subjected to
a fluctuating light regime from which light-response curves could
be reconstructed, but again, significant differences were only
detected between the FTSZ1-16 and WT (Fig. S6; Table S2;
Dataset S12). In fact, almost identical differences in /. (—44%;
P<0.0001) and A, (—31%, P=0.0001) were observed
between FTSZ1-16 compared with WT in both steady-state and
dynamic light-response curves.

To assess whether the differences in A, and J could be
explained by differences in biochemical capacity, CO, response
curves were performed (Fig. 4a; Dataset S13). 4, in FTSZ1-16
increased less steeply with increasing C; and also reached a lower
plateau at saturating CO,. Discrimination against 3CO, was
used to determine whether the decreased slope could result from
a decline in the conductance to CO, from the intercellular air-
spaces to the point of fixation (g,,). Indeed, g, was significantly
lower in FTSZ1-16 compared with WT under low O, as well as
ambient O, levels (Fig. 4b; Dataset S14). The hypothesized
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Table 3 Profiles of light absorption in leaves of growth-chamber-grown Nicotiana tabacum with contrasting chloroplast sizes.

Non-infiltrated Infiltrated
Depth (um)  Line 405 nm 488 nm 561 nm 638 nm 405 nm 488 nm 561 nm 638 nm
0-100 FTSZ1-16 36+3%cC 33+1%ab 26+2%a 32+4%ab 25+2%b 18+2% a 13+1%ab 194+2% a
WT 34+5%bc 39+7%Db 24+4%a 32+6%ab 43+4%c 42+6%b 27+5%b 25+2% ab
PDV1-9 20+2% a 21+1% a 21+4% a 25+1%a 40+3% ¢ 33+3%b 17+3%ab 27+3% ab
PDV2-17 414+3%c 43+1%b 31+2%a 37+1%b 46+6%c 40+8%b 25+4%b 36+£4%b
PDV2-9xPDV1-9 23+4% a 24+3% a 20+4%a 27+2%ab 11+4%a 21+7% a 10+3% a 254+ 6% ab
100-200 FTSZ1-16 42+1%ab 46+3%ab 45+2%a 44+1%a 47 +2% b 52+2%bc 44+2%a 46+3% a
WT M1+1%ab 41+2%ab 46+3%a 45+1%a 34+1% a 36+0% a 38+1% a 414+2% a
PDV1-9 52+2%b 53+3%b 47 +2%a 50+2% a 42+4%ab 51+3%bc 48+1%ab 48+2%a
PDV2-17 36+2% a 40+1% a 424+2%a 41+1%a 34+3%ab 41+2%ab 42+2%ab 42+2%a
PDV2-9xPDV1-9 514+5%b 524+ 6% ab 46+3%a 48+4%a 62+3%cC 55+2% ¢ 50+2%b 47 +1% a
200-300 FTSZ1-16 14+2% a 16+2% a 19+3%a 18+4%a 20+ 0% a 24+1% a 30+1% a 27+1% a
WT 17+5% a 16+5% a 22+5%a 18+5%a 15+3% a 16+3% a 23+3%a 25+3% a
PDV1-9 20+2% a 21+2% a 24+5%a 20+2%a 11+0%a 13+1% a 244+3% a 20+2% a
PDV2-17 14+2% a 12+1% a 18+1%a 15+1%a 12+3% a 15+4% a 22+3%a 16+3% a
PDV2-9xPDV1-9 18+1% a 18+3% a 23+5%a 19+4%a 20+2% a 19+4% a 28+3%a 22+4% a
Effect P-value
Line (L) 0.98
Wavelength (WL) 0.16
Leaf depth (D) < 0.0001
Infiltration (1) 0.59
LxD < 0.0001
L x WL 1.00
LxI 0.96
Dxl 0.009
WL x D < 0.0001
WLxI 0.90
LxDxI < 0.0001
LxWLxI 1.00
LxWLxD 0.001
WLxDxI 0.04
LXxWLXxDxXxI 0.14

The fully expanded leaves of lines with big (FTSZ1-16) and small chloroplasts (PDV1-9, PDV2-17 and PDV2-9 x PDV1-9) and wild-type N. tabacum (WT)
were used in analyses. Light profiles were measured using light-sheet microscopy at four different excitation wavelengths on leaf samples with and without
prior water infiltration. Light absorption was determined from chlorophyll fluorescence (detected between 705 and 800 nm) as a function of leaf depth.
Results are shown as the percentage absorbed light at each depth (average + SE, n = 3 biological replicates for infiltrated and non-infiltrated leaves). In
MANOVA table significant effects and interactions are shown by bold font (P < 0.05). Genotypes with different letters within each treatment combination
of excitation wavelength, infiltration treatment, and depth are significantly different (P < 0.05) based on post hoc Tukey testing. Data used to produce this
figure are given in Dataset S9.

increase in g, because of increased surface : volume ratio in the
smaller chloroplast size line, PDV2-9 X PDV1-9, was not
observed, and instead, g,, was indistinguishable from WT. Bio-
chemical capacities were derived from data in Fig. 4a yielding sig-
nificant decreases in V.., /and TPU in FTSZ1-16, relative to
WT. No significant impact of smaller chloroplast size on Va0
or TPU could be observed (Fig. 4c—e; Table S3).

Performance under field conditions

Finally, to determine whether chloroplast size impacted perfor-
mance under field conditions, FTSZ1-16, PDV2-17, PDV2-9 X
PDV1-9, and WT plants were grown in a randomized complete
block design of 12 blocks (Fig. S2). The previously observed
chloroplast size and shape differences were confirmed (Fig. S7;
Dataset S15), with the exception of eccentricity which in field

© 2023 The Authors
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conditions was only significantly different from WT in FTSZ1-
16. Pigment analysis showed a lack of significant differences
between lines (Table S4; Dataset S16). Nevertheless, absorbance
in the green (—5%; P=0.02) and the red (—3%; P=0.005)
spectral regions were significantly decreased in FTSZ1-16 (Table
S4; Dataset S17).

Light-response curves of Jand A, in FTSZ-16 showed a 38%
(P=0.02) decrease in [, and 22% (P=0.007) decrease in A,
in relation to WT (Fig. S8; Table S2; Dataset S18). Similar to
the measurements under controlled conditions, G throughout
the light-response curves was higher in FISZ-16 than WT,
whereas stomatal conductance was similar across all lines. The
A,/ G response of FTSZ-16 showed a slight decrease in initial
slope and asymptote (Fig. $9; Dataset S19). However, differences
were less pronounced than under controlled conditions and bio-
chemical parameters fitted on these measurements did not differ
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significantly (Table S4). Pigment content, absorptance, and gas
exchange parameters of field-grown PDV2-17 and PDVI-
9 X PDV2-9 were indistinguishable from WT (Tables S2-54).

Although no significant genotypic differences were found for
size and productivity parameters, the lines with largest (FTSZ1-
16) and smallest (PDV2-9 X PDV1-9) chloroplasts both trended
negatively compared with WT (Figs 5, S10; Dataset S20). The
FTSZ1-16 showed lower total dry weight (—10%; P=0.4), leaf
area (—8%; P=0.4), and plant height (—1%; P=0.9), while the
plants of PDV2-9 X PDV1-9 showed decreases in total dry
weight (—11%; P=0.3), leaf area (—13%; P=0.1), and plant
height (=5%; P=0.2). The line with only minor decrease in
chloroplast size (PDV2-17) was very similar in size and weight
compared with WT (Fig. 5).

Discussion

Increasing chloroplast size decreases g,,, but decreasing
chloroplast size does not increase g,

Expressing AtFsZ1 in tobacco resulted in a threefold increase in
chloroplast diameter at the major axis compared with WT. As a
consequence, the ratio of chloroplast surface area:volume
declined (—63%) whereas the eccentricity increased (4+15%;
Fig. 1; Table 1). The biochemical capacities V map Jmax and
TPU were lower in the FTSZ1-16 than in WT (Figs 4, S9;
Table S3), but this does not appear a universal phenotype of
large-chloroplast mutants. For example, A. thaliana arc3 mutants
with ¢ 14 chloroplasts per cell (similar to FTSZ1-16 reported
here) resulted in an opposite phenotype where Voo Jmaw and
TPU were higher than in WT (Weise ez al, 2015). The changes
in size and shape of chloroplasts in FTSZ1-16 were associated
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(b, c, e, f) the P-values indicate the effect of
the line and asterisks show a significant
difference from WT in Dunnett's two-way
test: P <0.05. Data used to produce this
figure are given in Dataset S10.

with a significant decrease in g, (Fig. 4b). Depending on the oxy-
gen concentration (ambient or reduced), g, was reduced from
—46% to —22% relative to WT. The more pronounced reduc-
tion under photorespiratory conditions is consistent with the
apparent effect of photorespiration on g,, when the chloroplast
envelope imposes a significant resistance to CO, transfer as out-
lined by Tholen and Zhu (2011). A decrease in g, of similar
magnitude was seen in arc mutants of A. thaliana, which also
have significantly enlarged chloroplasts (Weise ¢z a/., 2015; Xiong
et al., 2017). The chloroplast surface exposed to intercellular air-
spaces, S/ Smes» Was not significantly affected by the size increase,
hence did not underlay the decrease in g,, in FTSZ1-16 (Table 1).
Instead, it is possible that the increase in stromal volume per unit
chloroplast envelope may have presented additional resistance to
CO, transfer.

The ectopic expression of SIPDV1 and SIPDV2 and especially
their combination in the cross between PDV2-9 and PDV1-9,
caused a reduction of chloroplast diameter at the major axis by
up to 12% (Fig. 1; Table 1). The synergistic effect of PDV1 and
PDV2 is in line with the overexpression of AtPDVI and AtPDV
2 in A. thaliana, which also yielded significantly smaller and more
abundant chloroplasts per cell than overexpression of PDVs sepa-
rately (Okazaki ez al., 2009). The decreases in chloroplast dia-
meter at the major axis were also manifested in both increases in
the estimated ratio of chloroplast surface area:volume (+9%)
and decreases in eccentricity (—12%). Although the increase in
surface : volume ratio was hypothesized to alleviate the impact of
chloroplast envelope resistance on g,, (Tholen & Zhu, 2011), g,
was instead found to be similar to WT. It is not entirely clear
why g, did not increase in the smaller chloroplast lines. One pos-
sible explanation is that the concomitant change in eccentricity
may have negated any positive impact due to the increase in
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surface : volume ratio. Evans (2021) noted a relationship between
gm and the surface area of the plastids adjacent to air spaces.
While we might expect this to be increased with smaller chloro-
plasts, these were more spherical than the larger WT chloroplasts,
which could have reduced direct contact with the plasmalemma
and wall adjacent to the air space.

Chloroplast size only weakly affects light absorptance and
light profiles within the leaf

Due to the hyperbolic response of net CO, assimilation to light
intensity, light absorptance profiles which closely match the dis-
tribution in photosynthetic capacity are theoretically most favor-
able for photosynthetic efficiency (Evans & Vogelmann, 2003).
Light absorptance within the leaf is a
the concentration and distribution of absorbing pigments, in par-
ticular chlorophylls. In addition, internal scattering can strongly
increase the effective light path length and thereby affect light
profiles (Vogelmann & Evans, 2002). Whole-leaf absorptance
was relatively similar between all lines, despite significant

function of
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decreases in chla: chlé ratio and carotenoid concentration in the
FTSZ1-16 (Table 2). Light absorption profiles were also
relatively unperturbed in the FTSZ1-16, where the decline in
pigment concentration appeared to be compensated by the
path-lengthening effect of leaf internal scattering (Table 3). In
the lines with smaller chloroplasts, light penetrated more deeply
into the leaf, but this did not seem to affect the light response of
photochemistry or CO, assimilation, suggesting that the change
was not sufficient enough to impact photosynthetic efficiency.
This is consistent with photosynthesis in low-chlorophyll soybean
mutants, where leaf-level photosynthesis was only affected when
chlorophyll decreased by >50% (Slattery
et al., 2016).

content was

Increasing chloroplast size reduces chloroplast movements
and increases non-photochemical dissipation of excitation
energy

The increase in chloroplast size in FTSZ1-16 impaired both the

ability to undergo chloroplast movement in response to light
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Fig. 5 Productivity of field-grown Nicotiana tabacum plants with modified
chloroplast sizes. (a) Total dry weight, (b) leaf area, and (c) plant height for
the large-chloroplast line (FTSZ1-16) and small-chloroplast lines (PDV2-17
and PDV2-9 x PDV1-9). (d) Aerial view of the field experiment. Data were
normalized to wild-type (WT). Error bars indicate SE (n = 12 blocks with
the exception of PDV2-9 x PDV1-9 for which 11 blocks were analyzed).
The P-values indicate the effect of the line. No significant differences
between WT and lines with modified chloroplast sizes were found in Dun-
nett's two-way test: P < 0.05. Data used to produce this figure are given in
Dataset S20.

increase and decrease (Fig. 2). A similar effect of enlarged chloro-
plasts on photorelocation was shown for chloroplast division
mutants of A. thaliana (Austin & Webber, 2005; Koniger
et al., 2008; Dutta er al, 2017) and FTSZI-overexpressing
tobacco (Jeong et al., 2002). Chloroplast movement depends on
short actin filaments (cp-actin) specific to chloroplast movement
(Wada & Kong, 2019). Increasing plastid size may reduce the
ability of cp-actin to move the organelle relative to WT. Mutants
with enlarged chloroplasts have been reported to be more sensi-
tive to fluctuating light (Dutta ez 4/, 2015). However, we did not
see a stronger phenotype for FTSZ1-16 when comparing steady
state with the dynamic response of NPQ, A, and J to varying
light intensities (Figs 3, S6; Table S2). The impairment of chlor-

oplast movement can make plants to be more prone to
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photoinhibition (e.g. Wada ez 4/, 2003). Previous studies on A.
thaliana and tobacco with enlarged chloroplasts (Jeong
et al., 2002; Dutta et al., 2015) also reported photobleaching and
unusually strong midday depression of @PSII but neither of these
were observed in the FTSZ1-16 when grown in the glasshouse or
field. NPQ levels did increase at much lower light levels in the
FTSZ1-16 compared with the WT or lines with reduced chloro-
plast size (Fig. 3; Table S2). However, this did not seem to be
caused by the reduced ability to undergo chloroplast movements,
since the same observations were also found in the absence of
blue light (Fig. S5).

Whereas the drawbacks of larger chloroplast size were obvious
for chloroplast movements and NPQ, the reduction in chloro-
plast size seemed to have very little impact on any of these para-
meters. Levels of NPQ under steady-state and fluctuating light
were very similar to WT and the ability to undergo chloroplast
movements also seemed unperturbed in both the magnitude and
rate of change (Fig. 2). As far as we are aware, this is the first time
that these parameters have been determined on lines with smaller
chloroplasts. Altogether, the results suggest that the ability to
undergo chloroplast movements or avoid photosensitivity is likely
to be determinants of the upper, but not the lower limit of chlor-
oplast size (Figs 2, 3).

Changing chloroplast size did not significantly affect
productivity under field conditions

Despite findings of a number of photosynthetic inefficiencies in
the large-chloroplast line, there was little effect on biomass pro-
duction when plants were grown in well-watered and well-
fertilized field conditions. The weak decrease in productivity in
the FTSZ1-16, albeit nonsignificant, was consistent with the
photosynthetic phenotype, which was confirmed for the field-
grown plants (Figs 5, S8-S10). This decline in productivity could
have resulted directly from the lower net CO, assimilation. It
may also be negatively affected by the decline in intrinsic water
use efficiency (Table S2). In addition, the stressful outdoor con-
ditions in the middle of the day can still create temporary mild
drought stress, even though soil water levels were restored to field
capacity each evening. As a result, the lower intrinsic water use
efficiency found in the FTSZ1-16 could have been an alternative
explanation for the decline in productivity. When the native
FTSZ1 gene was overexpressed in tobacco under the strong con-
stitutive promoter, Jeong ez al. (2002) observed in high-light con-
ditions a far more severe reduction in growth compared with
WT. In their study, fresh plant weight, leaf area of the youngest
fully expanded leaf, and plant height of the mutant line were
reduced by 32%, 32%, and 47%, respectively. These differences
probably result from the stronger reduction of chloroplast num-
ber (one to two big chloroplasts per cell) in the line used by Jeong
et al. (2002) in comparison with the FTSZ1-16 used in our study
(on average 14 chloroplasts per cell).

The plants with the most severe reduction in chloroplast size
(PDV2-9 x PDV1-9) also showed a weak decline in productivity,
whereas the minor decrease in chloroplast size in PDV2-17 did
not impact plant size or dry weight (Figs 5, S10). This is the first
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time that small-chloroplast mutants have been evaluated under
field conditions. The results suggest that there is a lower limit for
chloroplast size, below which plants grow less efficiently. How-
ever, we did not find any evidence in the photosynthetic effi-
ciency phenotypes to derive the mechanistic reasons for the
productivity decline, since the small-chloroplast lines behaved
very similar to WT plants in every trait evaluated. However, we
can speculate that beyond a lower size limit, the economy of pro-
ducing ever smaller chloroplasts will disrupt the balance between
membrane and soluble fractions and associated synthesis costs. It
may be that these are the main determinants for the lower limit
of chloroplast size. Based on the findings presented here, we con-
clude that manipulations of chloroplast size are unlikely to
achieve higher photosynthetic efficiency or growth.
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