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Chloroplast size varies considerably in nature, but the underlying mechanisms are unknown. By exploiting a near-isogenic line
population derived from a cross between the Arabidopsis (Arabidopsis thaliana) accessions Cape Verde Islands (Cvi-1), which has
larger chloroplasts, and Landsberg erecta (Ler-0), with smaller chloroplasts, we determined that the large-chloroplast phenotype
in Cvi-1 is associated with allelic variation in the gene encoding the chloroplast-division protein FtsZ2-2, a tubulin-related
cytoskeletal component of the contractile FtsZ ring inside chloroplasts. Sequencing revealed that the Cvi-1 FtsZ2-2 allele
encodes a C-terminally truncated protein lacking a region required for FtsZ2-2 interaction with inner-envelope proteins, and
functional complementation experiments in a Columbia-0 ftsZ2-2 null mutant confirmed this allele as causal for the increased
chloroplast size in Cvi-1. Comparison of FfsZ2-2 coding sequences in the 1001 Genomes database showed that the Cvi-1 allele is
rare and identified additional rare loss-of-function alleles, including a natural null allele, in three other accessions, all of which
had enlarged-chloroplast phenotypes. The ratio of nonsynonymous to synonymous substitutions was higher among the FtsZ2-2
genes than among the two other FtsZ family members in Arabidopsis, FtsZ2-1, a close paralog of FtsZ2-2, and the functionally
distinct FtsZ1-1, indicating more relaxed constraint on the FtsZ2-2 coding sequence than on those of FtsZ2-1 or FtsZ1-1. Our
results establish that allelic variation in FtsZ2-2 contributes to natural variation in chloroplast size in Arabidopsis, and they also
demonstrate that natural variation in Arabidopsis can be used to decipher the genetic basis of differences in fundamental cell

biological traits, such as organelle size.

During leaf growth and development, chloroplast
numbers increase to maximize photosynthetic capacity
(Leech and Baker, 1983). In mesophyll cells, chloroplast
division takes place primarily during cell expansion
and increases plastid numbers from ~10-20 in leaf
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primordia to ~100 or more in mature mesophyll cells
(Possingham and Saurer, 1969; Leech and Baker, 1983;
Pyke, 1997, 1999). Chloroplasts divide in the middle,
producing populations of organelles that are generally
similar in size and shape. However, chloroplast size in
mesophyll cells can vary considerably between and
within species (Honda et al., 1971; Jellings et al., 1983).
While various environmental and genetic factors are
known to influence numerous aspects of chloroplast
morphology and function (Jarvis and Lopez-Juez, 2013;
Pogson et al.,, 2015), the molecular determinants of
natural variation in chloroplast size are unknown.
However, studies in Arabidopsis (Arabidopsis thaliana)
and other plant species have shown that altered ex-
pression or mutations in numerous genes important for
chloroplast division often result in significant changes
in chloroplast size and number (Osteryoung et al., 1998;
Strepp et al., 1998; Colletti et al., 2000; Itoh et al., 2001;
Vitha et al., 2003; Maple et al., 2007; Glynn et al., 2009;
Schmitz et al., 2009; Zhang et al., 2009; Miyagishima
et al,, 2011; Osteryoung and Pyke, 2014).

The cytoskeletal filamenting temperature-sensitive Z
(FtsZ) proteins are tubulin homologs that play a critical
role in the division of bacteria and chloroplasts by as-
sembling into a medial ring, called the Z ring, that helps
constrict the cell or organelle (Bi and Lutkenhaus, 1991;
Ma et al., 1996; Lowe and Amos, 1998; Miyagishima
et al., 2001; Vitha et al., 2001; Erickson et al., 2010; Du
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and Lutkenhaus, 2017). While most bacteria have only a
single FtsZ gene, plants possess two highly conserved
nuclear FtsZ families, FtsZ1 and FtsZ2, that presumably
arose by duplication of a single ancestral FtsZ gene of
cyanobacterial origin (Osteryoung and Vierling, 1995;
Osteryoung et al., 1998; TerBush et al., 2013; Grosche
and Rensing, 2017; Chen et al., 2018). FtsZ1 and FtsZ2,
which localize primarily to the stroma, copolymerize in
the chloroplast Z ring, where they have nonoverlap-
ping but complementary functions in chloroplast divi-
sion (Schmitz et al., 2009; Olson et al., 2010; Yoshida
et al., 2016). FtsZ2 plays a more structural role by
imparting stability to the Z ring, while FtsZ1 promotes
the exchange of FtsZ subunits from the ring, thereby
making the Z ring more dynamic, which is critical for
Z-ring constriction (Yoder et al., 2007; TerBush and
Osteryoung, 2012; Yoshida et al., 2016). Like many
plants, Arabidopsis has one FtsZ1 gene, called FtsZ1-1,
and two FtsZ2 genes, called FtsZ2-1 and FtsZ2-2, all
encoded in the nucleus and targeted to the chloroplast
by cleavable transit peptides (Osteryoung and Vierling,
1995; Osteryoung et al., 1998; Fujiwara and Yoshida,
2001; McAndrew et al., 2001). Mutants null for FtsZ1-
1 or FtsZ2-1 have heterogeneous but severe defects in
chloroplast division, as indicated by the increased size
and decreased numbers of chloroplasts in leaf meso-
phyll cells of mutants compared to those in the wild
type. The phenotype of the ftsZ2-2 null mutant is
milder, and chloroplast size and number are less vari-
able than in the other two mutants (Yoder et al., 2007;
McAndrew et al., 2008; Schmitz et al., 2009). FtsZ2-
1 and FtsZ2-2 comprise about two-thirds and one-
third, respectively, of the total FtsZ2 pool, and mutant
complementation experiments have shown that the
FtsZ2-1 and FtsZ2-2 proteins, which share 85% amino
acid identity downstream of their transit peptides, can
substitute for one another as long as the total FtsZ2
protein level is close to that in the wild type. Conse-
quently, the difference in the severity of the mesophyll
cell phenotypes in the ftsZ2-1 and ftsZ2-2 mutants was
proposed to be attributable to differences in total FtsZ2
level in the two mutants (McAndrew et al.,, 2008;
Schmitz et al., 2009). The three FtsZ proteins in Arabi-
dopsis have also been shown to associate partly with
thylakoid membranes (El-Kafafi et al., 2008; Karamoko
etal., 2011) and to make distinct contributions to plastid
division in the shoot apex (Swid et al., 2018).

In this study, we exploited a near-isogenic line (NIL)
population (Keurentjes et al., 2007) derived from a cross
between the Arabidopsis accessions Cape Verde Is-
lands (Cvi-1), which has larger chloroplasts, and
Landsberg erecta (Ler-0), with smaller chloroplasts, to
identify loci contributing to natural variation in chlo-
roplast size and number in leaf mesophyll cells. We
found that the large-chloroplast phenotype in Cvi-1 is
associated specifically with a rare allelic variant of FtsZ2-2
that encodes a truncated gene product. Comparison of
FtsZ2-2 coding sequences among all accessions in the 1001
Genomes database (1001 Genomes Consortium, 2016)
combined with assessment of chloroplast-size phenotypes
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revealed other rare loss-of-function alleles of FtsZ2-2 in
other accessions that also had enlarged chloroplasts.
Further analysis showed that allelic variation was
higher for the FtsZ2-2 than for the FtsZ2-1 or FtsZ1-
1 coding sequences, indicating more relaxed func-
tional constraint on FtsZ2-2. Our results demonstrate
that allelic variation in FtsZ2-2 contributes to natural
variation in chloroplast size in Arabidopsis.

RESULTS
Natural Variation in Chloroplast Size in Arabidopsis

The extent of natural variation in chloroplast size in
wild strains of Arabidopsis has not been previously
studied. Therefore, as a prelude to our analysis, we first
measured chloroplast sizes (areas) in 22 Arabidopsis
accessions representing the parents of 12 available re-
combinant inbred line (RIL) populations and one NIL
population (Supplemental Table S1; Keurentjes et al.,
2007) to identify parents with the greatest differences
in this trait. Further, to assess whether chloroplast size
differences between any two parent accessions might
be more pronounced under different environmental
conditions or at different stages of development, we
initially grew plants under four light regimes and har-
vested rosette leaves (leaf 6) from 26- and 40-d-old
plants. Chloroplast sizes varied among accessions,
ranging from ~35 um~2 to 70 um™2, depending on
growth conditions and time of harvest, but they were
always biggest in Cvi-1 (Fig. 1; Supplemental Fig. S1).
Further, the Cvi-1 and Ler-2 RIL parents (Alonso-
Blanco et al.,, 1998; Juenger et al., 2006) and related

70
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Figure 1. Chloroplast areas in the 22 Arabidopsis accessions used as
parents in the construction of 12 RIL populations and the Ler-0 X Cvi-1 NIL
population. Accession names shown are those used in the ABRC stock
information (see Supplemental Tables ST and S2). Black bars highlight the
comparison between Cvi-1 and the Ler-2 RIL parent or Ler-O NIL parent.
The asterisk (*) denotes a different Ler-0 genetic background (CS9994) from
that of the other Ler-0 shown on the graph (CS-20). Plants were grown at a
light intensity of 100 wmol m=2 s=1 with a 12-h light period. Samples for
imaging were taken from leaf 6 harvested from 40-d-old plants. Error bars
indicate the SE. Sample sizes are described in the “Experimental Design”
and “Sampling and Microscopy” sections of “Materials and Methods.”
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Cvi-1 and Ler-0 NIL parents (Keurentjes et al., 2007)
consistently exhibited greater differences in chloroplast
size than any other combination of parental accessions
(Fig. 1 [black bars]; Fig. 2A [left images]). Although the
difference in chloroplast size between Cvi-1 and Ler-2
was greatest in 40-d-old plants grown at a light inten-
sity of 50 umol m~2 s~ ! with a 16-h photoperiod
(Supplemental Fig. S1), leaves from 40-d-old plants
grown at 100 umol m~2 s~ ! with a 12-h photoperiod
displayed a wider range of cell sizes, which facilitates
quantitative analysis of chloroplast size phenotypes
(Pyke and Leech, 1991). Therefore, these latter conditions
were used for all further analyses of chloroplast size.

FtsZ2-2 Causes Variation in Chloroplast Size

Larger Chloroplasts in Cvi-1 Are Linked to FtsZ2-2

To identify genomic regions involved in conferring
the increased chloroplast size in Cvi-1, we took ad-
vantage of a set of 92 NILs in which Cvi-1 genomic
DNA is introgressed across all five chromosomes in the
Ler-0 background (Supplemental Fig. S2; Supplemental
Table S2; Keurentjes et al., 2007). We first scored a core
set of 25 NILs bearing Cvi-1 introgressions cover-
ing >90% of the genome and identified five lines with
chloroplasts considerably larger than in the Ler-0 parent,
similar to or larger than those in Cvi-1 (Fig. 2, A and B).
Among these five lines, three (LCN 1-16, LCN 1-22, and
LCN 1-26) had Cvi-1 introgressions in chromosomes

L

A Lero Cvi-1 LCN 1-16 LCN 3-9 Figure 2. Chloroplast sizes in the
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population (Keurentjes et al., 2007). A,
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1 and 3, while two (LCN 3-9 and LCN 3-14) only had
introgressions in chromosome 3 (Supplemental Fig. 52).
Upon screening the remaining 67 NILs from the full set
of 92 lines, we identified an additional 13 lines with
enlarged Cvi-1-like chloroplasts (Figs. 2C and 3C;
Supplemental Figs. S2 and S3A). Most of the lines were

A
Cvi-1 nucleotide 201
deletions nt

Cvi-1 amino acid T69P  155M A228E
polymorphisms

rescored in a second planting to confirm their pheno-
types. All 18 NILs with Cvi-1-like phenotypes (Fig. 2, B
and C, asterisks; Supplemental Fig. 52, green) con-
tained introgressions near the bottom of chromosome 3,
indicating that this region of the genome is responsible
for the larger chloroplasts in Cvi-1.

single nt
codon 441

Cvi-1 441'GPQDVLHHHSLKAAP455"‘
Ler-0 441GATRRPSSSFTEGSSIEIPEFLKKKGRSRYPRL473*
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B AN D D
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Figure 3. Major differences between Ler-0 and Cvi-1 FtsZ2-2. A, Key polymorphisms in Cvi-1 FtsZ2-2 relative to the Ler-0 se-
quence, which is identical to that in Col-0. The gene model for Col-0 FtsZ2-2 annotated in The Arabidopsis Information Resource
(AT3G57250.1) is diagrammed. Boxes represent the exons, numbered in order; white boxes represent UTRs and black boxes
represent coding regions. Thin lines indicate introns. Significant nucleotide (nt) deletions and all AAPs in Cvi-1 are shown above
and below the diagram, respectively. The triangle indicates a 201-nt deletion in intron 2. The amino acid sequence encoded by
the Ler-0 allele from codon 441 to the stop codon (*) are shown below the Cvi-1 sequence for comparison. The C-terminal peptide
is underlined. The full set of polymorphisms in the Cvi-1 allele is shown in Supplemental Fig. S5. B, Immunoblot detection of
FtsZ2-2 (left) in leaf extracts from the indicated genotypes. Ponceau S staining of the blot (Ponc., right) served as a loading
control. C, Images of mesophyll cells showing chloroplasts in Ler-0, Cvi-1, and NILs (LCN) with Cvi-1-like chloroplasts (top row)
or Ler-0-like chloroplasts (bottom row). Scale bar = 20 um. D, Immunoblot detection of FtsZ2-2 in leaf extracts from the lines
shown in C. Ponceau S staining of Rubisco served as a loading control.
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Based on the linkage map of the Ler-0 x Cvi-1 NIL
population (Keurentjes et al., 2007), we determined that
the shared Cvi-1 introgression in the 18 NILs with
the Cvi-1 phenotype was between 62.1 and 68.2 centi-
Morgans on the genetic map of chromosome 3, which
corresponds to a physical interval from 18.85 to 19.81
Mb. Since the recombinant breakpoints in this region
had not been fine-mapped, we developed molecular
markers and fine-mapped the region of chromosome
3 conferring the Cvi-1-like phenotype to an interval
spanning only two loci: At3g52750, encoding the chlo-
roplast division protein FtsZ2-2 (Osteryoung et al.,
1998; McAndrew et al., 2008; Schmitz et al., 2009), and
At3g52760, encoding a protein of unknown function

FtsZ2-2 Causes Variation in Chloroplast Size

(Supplemental Fig. S4). Because a knockout allele of
FtsZ2-2 in ecotype Columbia-0 (Col-0) has previously
been shown to result in enlarged chloroplasts resem-
bling those in Cvi-1 (Fig. 4A; McAndrew et al., 2008;
Schmitz et al., 2009), we considered FtsZ2-2 to be a
strong candidate for the gene responsible for the large-
chloroplast phenotype in Cvi-1.

Since the sequence of the Cvi-1 accession was not
available in the 1001 Genomes database (1001 Genomes
Consortium, 2016), we isolated and sequenced an
FtsZ2-2 genomic fragment from Cvi-1, including ~1 kb
flanking the start and stop codons, and the equivalent
genomic fragment from Ler-0. The Ler-0 sequence was
identical to the Ler-0 and Col-0 sequences in the 1001

T, transformants Figure 4. Test for complementation of

A Ler-Ftsz2-2 CVi-FtsZ2-2 the Col-0 ftsZ2-2 chloroplast—5|z'e phe-
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Genomes database. In contrast, when compared to the
sequence of Ler-0/Col-0 (hereafter Ler-0) FtsZ2-2,
the Cvi-1 gene had a total of 73 polymorphisms, in-
cluding several small insertion-deletions of one to six
nucleotides, a larger deletion of 201 nucleotides in in-
tron 2, and many single-nucleotide polymorphisms
(SNPs), the majority of which were in introns
(Supplemental Fig. S5). Within the coding region, three
nonsynonymous SNPs were identified, two in exon 2
and one in exon 3 (Fig. 3A). In addition, a single-
nucleotide deletion in the codon for Gly 441 occurred
in the last exon, exon 8, creating a frameshift that al-
tered the downstream 14 amino acids before producing
a premature stop codon (Supplemental Fig. S5). This
deletion yielded a predicted gene product of 455 amino
acids, 18 amino acids shorter than the Ler-0 FtsZ2-2
protein (Fig. 3A).

To further narrow down the recombinant break-
points, we sequenced FtsZ2-2 in four potentially infor-
mative large-chloroplast NILs (Supplemental Fig. 54,
top four rows). All four bore the Cvi-1 deletion poly-
morphism in exon 8 but carried the Ler-0 SNP at the
next downstream polymorphic site in the 3’ untrans-
lated region (UTR; Supplemental Figs. S4 and S5).
These results indicated recombinant breakpoints be-
tween these two sites in these NILs and suggested an
association between the presence of the Cvi-1 exon 8
deletion polymorphism and the large-chloroplast phe-
notype. To further explore this association, we carried
out immunoblotting of FtsZ2-2 in leaf extracts from
Cvi-1, Ler-0, and Col-0 using an FtsZ2-2-specific anti-
body (McAndrew et al., 2008). Consistent with the
predicted C-terminal truncation produced by this pol-
ymorphism, FtsZ2-2 migrated about 2 kD smaller in
Cvi-1 than in Ler-0 and Col-0 (Fig. 3B). Further, all NILs
with the larger Cvi-1-like chloroplasts also exhibited
this smaller form of FtsZ2-2, whereas NILs with smaller
Ler-0-like chloroplasts did not (Fig. 3, C and D;
Supplemental Fig. S3), indicating a tight association
between the FtsZ2-2 truncation and the chloroplast
size phenotype in Cvi-1.

Because the Cvi-1 FtsZ2-2 allele bore the large dele-
tion in intron 2 (Fig. 3A; Supplemental Fig. S5), we
also considered the possibility that this might result
in alternative splicing and contribute to the large-
chloroplast phenotype. To assess this, we isolated
FtsZ2-2 complementary DNAs (cDNAs) from Cvi-
1 and Ler-0 by reverse-transcription PCR (RT-PCR). A
single RT-PCR product that migrated at ~1.7 kb was
obtained in both cases. Sequencing of the cDNAs con-
firmed that the intron in Cvi-1 was faithfully spliced at
the same sites as in Ler-0.

To address the possibility that the adjacent At3g52760
locus might instead be responsible for the Cvi-1 pheno-
type, we characterized a transfer DNA (T-DNA) inser-
tion mutant in the Col-0 background (SAIL_61_A02).
Sequencing confirmed that the T-DNA was inserted af-
ter the second nucleotide of the start codon, as annotated
in The Arabidopsis Information Resource (http:/ /www.
arabidopsis.org), implying that this mutant allele is null.
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Chloroplasts in homozygous mutants were indistin-
guishable in size from those in wild-type Col-0 plants
(Supplemental Fig. S6), indicating that the Cvi-1 chlo-
roplast phenotype is not associated with At3g52760.
Taken together, the combination of results was con-
sistent with the exon 8 deletion polymorphism in Cvi-
1 FtsZ2-2 being the likely cause of the large-chloroplast
phenotype in Cvi-1.

Confirmation that the FtsZ2-2 Protein in Cvi-1 Causes
Bigger Chloroplasts

To confirm that FtsZ2-2 is causal for the chloroplast-
size phenotype in Cvi-1, we carried out complementa-
tion experiments in an ftsZ2-2 Col-0 knockout mutant in
which the FtsZ2-2 protein is undetectable (Figs. 3B and
4B; McAndrew et al., 2008). For these experiments, we
quantified chloroplast numbers in mesophyll cells of
different sizes. In such analyses similar regression lines
indicate similar chloroplast-size phenotypes because of
the reciprocal relationship between chloroplast size and
number and the linear relationship between cell size
and total chloroplast compartment size (Honda et al.,
1971; Ellis and Leech, 1985; Pyke and Leech, 1992; Pyke,
1999). Initial measurements showed that the phenotype
of the ftsZ2-2 null mutant is similar to that of Cvi-1 (Fig. 4D,
gray triangles and green squares).

A genomic copy of FtsZ2-2 from either Cvi-1 (Cui-
FtsZ2-2) or Ler-0 (Ler-FtsZ2-2), each bearing its native
promoter, was introduced into the ftsZ2-2 mutant. In 22
independent T2 transformants expressing Ler-FtsZ2-2,
the FtsZ2-2 protein migrated at the same mass as in
wild-type Col-0 (Fig. 4B, lanes 2—4; Supplemental Fig.
S7D) and chloroplast sizes were visibly smaller than
those in ftsZ2-2, resembling those in wild-type Col-0
and Ler-0 (Fig. 4A; Supplemental Fig. S7, A and B).
In contrast, in 28 independent T2 plants expressing
Cvi-FtsZ2-2, FtsZ2-2 migrated at the same mass as in
Cvi-1 (Fig. 4B, lanes 6-8; Supplemental Fig. S7E) and
chloroplast sizes appeared similar to or larger than
those in ftsZ2-2 and Cvi-1 (Fig. 4A; Supplemental Fig.
S7, A and C). Because changes in FtsZ levels result in
dose-dependent increases in chloroplast size and de-
creases in chloroplast number (Stokes et al., 2000;
Schmitz et al., 2009), to determine whether the Ler-0 and
Cvi-1 transgenes could complement the ftsZ2-2 phe-
notype we quantified chloroplast numbers in cells of
different sizes in transgenic plants in which FtsZ2-2
protein levels were close to those in wild-type Col-0
and Cvi-1, as determined by immunoblotting (Fig. 4B).
In these individuals, the ftsZ2-2 chloroplast-size defect
was complemented by the Ler-0 allele, as indicated by
the overlapping regression lines between wild-type
Col-0 and the Ler-FtsZ2-2 transgenic plants (Fig. 4C),
but not by the Cvi-1 allele, as the regression lines for the
Cui-FtsZ2-2 transgenics were similar to that of ftsZ2-2
(Fig. 4D). These results confirmed that the Cvi-1 FtsZ2-2
gene is causal for the large-chloroplast phenotype
in Cvi-1.
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Z-Ring Formation Is Altered in Cvi-1

To further explore the functional basis for the
increased chloroplast-size phenotype in Cvi-1, we
investigated FtsZ2-2 and FtsZ2-1 localization in both
Cvi-1 and Ler-0 by immunofluorescence labeling. We
have shown previously that all three FtsZs colocalize to
Z rings in Arabidopsis and that the anti-FtsZ2-1 and
anti-FtsZ2-2 antibodies are specific for detection of their
respective antigens (Stokes et al., 2000; Vitha et al., 2001;
Yoder et al., 2007, McAndrew et al., 2008). In Ler-0,
FtsZ2-1 and FtsZ2-2 localized primarily to the mid-
plastid Z ring (Fig. 5, top; Supplemental Fig. S8A). In
contrast, in Cvi-1, while the FtsZ2 proteins were still
often detected in midplastid rings, shorter filaments
and punctate structures that were not confined to the
midplastid were observed much more frequently than
in Ler-0 (Fig. 5, bottom; Supplemental Fig. S8B). These
results suggest that alterations in Z-ring organization
contribute to chloroplast enlargement in Cvi-1.

Natural Variation in Arabidopsis FtsZ2-2
Protein Sequences

To probe the extent of natural variation in the Ara-
bidopsis FtsZ2-2 protein in greater detail, we extracted
and translated the FtsZ2-2 coding sequences from the
1,135 accessions available in the 1001 Genomes data-
base (1001 Genomes Consortium, 2016) and compared
the resulting amino acid sequences to that of the Col-0
FtsZ2-2 reference sequence. In total there were 32 unique
FtsZ2-2 protein haplotypes, most with one or more
amino acid polymorphisms (AAPs; Fig. 6; Supplemental
Datasets S1 and S2). Three accessions had deletions in

FtsZ2-1

Ler-0

Cvi-1
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the FtsZ2-2 protein. One was Cvi-0, whose FtsZ2-2
protein sequence was identical to that in Cvi-1 (Cvi-
1 is not in the 1001 Genomes database; Fig. 6, Seq-30).
As in Cvi-1, chloroplasts in Cvi-0 were enlarged com-
pared to those in Ler-0, and the FtsZ2-2 protein mi-
grated at the same mass as in Cvi-1 (Fig. 6, gray
shading; Supplemental Fig. S9, A and B). PCR analysis
indicated that Cvi-0 FtsZ2-2 likely has the same deletion
in intron 2 as Cvi-1 (Fig. 3A; Supplemental Fig. S9C)
and that the Cvi-0 and Cvi-1 alleles may be identical.
The accession TAD 04 had a two-nucleotide deletion at
the first two positions of codon 5, producing a frame-
shift that resulted in a premature stop codon and
predicted FtsZ2-2 gene product of only 19 amino
acids (Fig. 6, Seq-31; Supplemental Datasets S1 and S2),
indicating that the TAD 04 FtsZ2-2 allele is null. Con-
sistent with this finding, TAD 04 had enlarged chloro-
plasts approximately the same size as those in the Col-0
ftsZ2-2 null mutant (Fig. 7, A and B; Supplemental Fig.
S10B) and FtsZ2-2 protein was undetectable in TAD 04
by immunoblotting (Fig. 7C). The accession ANH-
1 (Fig. 6, Seq-18) lacked the codon for amino acid 28,
which is in the middle of the predicted chloroplast
transit peptide (estimated to be 50 amino acids by
ChloroP (http:/ /www.cbs.dtu.dk/services/ChloroP/;
Emanuelsson et al., 1999). Such a deletion is unlikely to
affect FtsZ2-2 import into the chloroplast, and chloro-
plasts in ANH-1 were similar in size to those in Col-0
(Supplemental Fig. S10B).

The other 1,131 accessions in the 1001 Genomes da-
tabase encoded FtsZ2-2 proteins that were identical in
length to the Col-0 reference sequence (473 amino acids)
with a total of 301 lines having a sequence identical to
that in Col-0 (and Ler-0; Fig. 6, Seq-0). The other pro-
tein variants contained one or more AAPs. The most

Figure 5. Immunofluorescence locali-
zation of FtsZ2 proteins in mesophyll
cells of Ler-0 and Cvi-1. Merged images
of fluorescent signals from FtsZ2-1 or
FtsZ2-2 (left and right, respectively;
green) and chlorophyll autofluorescence
(magenta) are shown. Arrows, FtsZ rings;
arrowheads, FtsZ punctate structures
or very short filaments in Cvi-1. Scale
bar = 10 um. Additional images are
shown in Supplemental Figure S8.
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Col-0/Ler-0" | Seq-0 301 L|H \Y E [N T|Q S E| M E P [N | M]Y[M|A]A]|A | FIR|IR|A]|P | G
Amino acid polymorphism
Hov1-10 Seqg-1 440 M
Lag1-2' Seq-2 252 P M E
Tre-1" Seq-3 79 P M
Bil-7 Seq-4 22 \%
Basta-2' Seq-5 5 E
B-1' Seq-6 5 H
TEDEN 03 Seq-7 4 M
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Seq-10 2 P
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Grivo-1 Seg-12 1 A
Ver-5 Seqg-13 1 D P E
Seq-14 1 E
Vdm-0 Seg-15 1 T
TV-38 Seq-16 1 M R
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ANH-12  [Seq-18 1 del®
App 1-12 | Seq-19 1 p M| E
Jablo-1 Seq-20 1 K M
Borky1 Seqg-21 1 M S
Seq-22 1 M T
Cad-0 Seq-23 1 N
Utrecht Seq-24 1 M (o}
Sac-0 Seq-25 1 D P M E P
Co-1 Seq-26 1 M Y
Copac-1 Seq-27 1 R T| M
Tos-95-393 |Seq-28 1 E
Fell1-10 Seq-29 1
Cvi-0 (Cvi-1)* | Seq-30 1 P M E stop’|
TAD 04  [Seq-31 1 stop®
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Figure 6. FtsZ2-2 (At3g52750) AAPs among the 1,135 Arabidopsis accessions in the 10017 Genomes database (1001
Genomes Consortium, 2016). Accessions in the first column were those in which chloroplast-size phenotypes were
imaged for each sequence variant (Seq variant). Italics denote accessions that were also subjected to quantitative analysis
of chloroplast size and immunoblot detection of FtsZ proteins. Gray shading highlights accessions with large-chloroplast
phenotypes. Blank cells indicate sequence variants for which no accessions were grown due to lack of seed availability or
germination. All accessions with each FtsZ2-2 sequence variant are listed in Supplemental Dataset S1. Superscripts in-
dicate the following: 'Additional accessions with the same sequence variant were grown and imaged as listed in
Supplemental Dataset S2. 2Accession possibly misidentified (Pisupati et al., 2017). 3Codon 28 deleted in this accession.
4The Cvi-0 and Cvi-1 FtsZ2-2 coding sequences are identical, but only the Cvi-0 genome sequence is in the 1001 Ge-
nomes database. Therefore, the number of accessions in the database with Seq-30 is shown as 1. >Premature stop codons
at the indicated positions were preceded by nucleotide deletions that altered multiple upstream amino acids. See

Supplemental Dataset S1 for complete sequences.

common AAP, which occurred in ~70% of the acces-
sions, was replacement of Ile 155 by Met (155:1-M).
This AAP was the only one present in 440 accessions
(Seg-1), but also occurred along with other AAPs in an
additional 363 accessions (Fig. 6; Supplemental
Dataset S2). Two other AAPs were also common:
69:T—P occurred in 346 accessions and 228:A—E in
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268 accessions. The AAP 269:1-V occurred in a single
sequence variant (Seq-4) present in 22 accessions. The
other 21 AAPs were found in only five or fewer acces-
sions, all in combination with one or more of the three
most common AAPs except for 199:Y—N (Seq-23), which
occurred in a single accession (Fig. 6; Supplemental
Datasets S1 and S2).
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Figure 7. Chloroplast sizes, FtsZ protein levels, and FtsZ2-2 transcript
levels in representative accessions from different polymorphic groups.
Protein sequence variant (Seq) numbers are specified in C and the se-
quences are shown in Fig. 6 and Supplemental Dataset S1. A, Images of
mesophyll cells showing chloroplasts in Cvi-1, Ler-0, and accessions
from different polymorphic groups. Scale bar = 20 um. B, Chloroplast
areas in the indicated accessions and the Col-0 ftsZ2-2 null mutant.
Error bars represent the se. Sample sizes are described in the “Experi-
mental Design” and “Sampling and Microscopy” sections of “Materials
and Methods.” C, Immunoblot analysis of FtsZ proteins in leaf extracts
from the accessions shown in A. FtsZ2-1 and FtsZ1-1 were probed
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FtsZ2-2 Polymorphisms and Natural Variation in
Chloroplast Size

To evaluate whether chloroplast sizes might differ in
accessions with FtsZ2-2 AAPs other than the deletions
described above, we imaged chloroplasts in at least one
representative accession from 25 of the 28 polymorphic
groups that did not have amino acid deletions (Figs. 6
and 7A; Supplemental Fig. 510C), and in additional
accessions from the nonpolymorphic group bearing the
same sequence (Seq-0) as in Col-0 (Supplemental
Dataset 52). Among these, quantitative measurements
of chloroplast size and examination of FtsZ levels by
immunoblotting were carried out in one accession from
a subset of 13 polymorphic groups (Figs. 6 [italicized
accessions] and 7, B and C; Supplemental Fig. S11) se-
lected based on the extent of conservation of the poly-
morphic amino acids in FtsZ2 proteins from diverse
plant species (TerBush et al., 2018). Among this subset,
two accessions, Vdm-0 (Seq-15) and Sac-0 (Seg-25), had
enlarged chloroplasts (Fig. 7, A and B; Supplemental
Fig. S10C). Each of these accessions carries a unique
AAP not found in other accessions: 252:A—-T in Vdm-0
and 296:R—P in Sac-0 (Fig. 6; Supplemental Dataset S2).
Immunoblotting revealed substantial reductions in
the levels of FtsZ2-2 protein in these two accessions, but
not in the levels of FtsZ2-1 or FtsZ1-1 (Fig. 7C). RT-
quantitative PCR (RT-qPCR) showed that the lower
FtsZ2-2 protein levels in Vdm-0 and Sac-0 were not due
to reduced FtsZ2-2 transcript levels relative to those in
Col-0, Ler-0, and other accessions (Fig. 7D). Except in
Cvi-1 and TAD 04, as described above, no visibly ob-
vious increases in chloroplast size or major differences
in FtsZ levels were observed in the other accessions
analyzed (Fig. 7, A-C; Supplemental Figs. S10C and
S11). These results suggest that reduced accumulation
of FtsZ2-2 protein is a likely cause of the increased
chloroplast sizes in Vdm-0 and Sac-0, possibly due to
decreased protein stability.

Comparison of AAPs between FtsZ Proteins

We also analyzed the degree of AAP in the two other
FtsZ proteins in Arabidopsis, FtsZ2-1 and FtsZ1-1, by
extracting and translating the FtsZ2-1 and FtsZ1-1 cod-
ing sequences from the 1001 Genomes database as de-
scribed above for FtsZ2-2. In Col-0, full-length FtsZ2-2
shares 82% identity with FtsZ2-1 and 61% identity with
FtsZ1-1. The lengths of all FtsZ2-1 and FtsZ1-1 protein
variants were identical to those of the Col-0 reference

together on the same blot. Ponceau S staining of Rubisco (Ponc.) served
as a loading control. Figs. 3B and 4B show that FtsZ2-2 protein is un-
detectable in ftsZ2-2. D, FtsZ2-2 transcript levels in the accessions
shown in C relative to those in Col-0 determined by RT-qPCR. Error bars
represent the se except for the accession Kly-4. Sample sizes are de-
scribed in the “RT-qPCR” section of “Materials and Methods.”
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sequences, 478 and 433 amino acids, respectively. FtsZ2-
1 encoded 18 unique protein haplotypes (Supplemental
Dataset S3), with 927 accessions having a sequence
identical to that in Col-0 (Seq-0; Supplemental Dataset
S4). FtsZ1-1 encoded only 11 unique protein haplotypes
(Supplemental Datasets S5 and S6). These results
revealed that AAPs are more common in FtsZ2-2 than in
FtsZ2-1 and FtsZ1-1.

Comparison of Nucleotide Polymorphisms between
FtsZ Genes

To compare the extent of nucleotide polymorphism
in the coding sequences of the three FtsZ genes, we
calculated the number of substitutions per synonymous
site (dS) and nonsynonymous site (dN), and their ratio,
dN/dS, by pairwise comparisons of the Col-0 FtsZ1-1,
FtsZ2-1, and FtsZ2-2 coding sequences with those in the
other accessions in the 1001 Genomes database. FtsZ1-
1 had the smallest values of both dS and dN. FtsZ2-
1 and FtsZ2-2 had similar dS values, but AN was
larger for FtsZ2-2. As a result, dN/dS for FtsZ2-2 was
2.6-fold higher than for FtsZ1-1 and 5.9-fold higher than
for FtsZ2-1 (Fig. 8). While the dN/dS ratios were <1 for
all three genes, indicating negative selection that gen-
erally selects against polymorphisms impacting protein
function, the higher dN/dS ratio for FtsZ2-2 suggests
more relaxed functional constraint on the FtsZ2-2 than
on the FtsZ2-1 or FtsZ1-1 coding sequence (Nielsen,
2005; Buschiazzo et al., 2012).

DISCUSSION

Large-effect rare alleles have facilitated identifica-
tion of causal genes for quantitative trait loci (QTLs)
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0.06
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FtsZ1 FtsZ2-1
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dN/dS
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Figure 8. dN/dS values for the three FtsZ genes in the 1,135 accessions
inthe 1001 Genomes database (1001 Genomes Consortium, 2016). The
Col-0 genes were used as references to calculate dN and dS. dS values
were 0.00332 = 0.00007 (FtsZ1-1), 0.0199 = 0.0001 (FtsZ2-1), and
0.0168 = 0.0007 (FtsZ2-2). dN values were 0.000298 * 0.000037
(FtsZ1-1), 0.000403 = 0.000026 (FtsZ2-1), and 0.00187 = 0.00003
(FtsZ2-2). dN/dS is 0.0476 * 0.0067 for FtsZ1-1, 0.021 = 0.001 for
FtsZ2-1, and 0.124 * 0.004 for FtsZ2-2. dN/dS values were all signif-
icantly different from each other (P < 0.0001) as determined by the
Tukey adjustment for multiple comparisons.
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controlling flowering time in Arabidopsis (Johanson
et al., 2000; EI-Din El-Assal et al., 2001; Maloof et al.,
2001; Balasubramanian et al., 2006; Filiault et al., 2008),
grain size and grain yield in rice (Oryza sativa; Zhang
et al., 2012; Hu et al., 2015), sulfate content (Loudet
et al., 2007), and numerous other life-history, whole-
plant and metabolic traits (Alonso-Blanco et al., 2009).
In this study, a rare FtsZ2-2 allele in Cvi-1 led to our
identification of FtsZ2-2 as a key locus contributing to
natural variation in chloroplast size in Arabidopsis.
This analysis was facilitated by the large difference in
chloroplast size between Ler-0 and Cvi-1 (Figs. 1 and
2A), which enabled us to exploit the Ler-0 x Cvi-1 NIL
population (Keurentjes et al., 2007) to fine-map the ge-
nomic region conferring the large-chloroplast pheno-
type in Cvi-1. The four other accessions with similarly
enlarged chloroplasts discovered through analysis of
FtsZ2-2 coding sequences in the 1001 Genomes data-
base also carried rare alleles of FtsZ2-2 that influence
its functionality (Fig. 6). To our knowledge, this is the
first instance in which natural variation has been
exploited to uncover a molecular determinant of phe-
notypic differences in a fundamental cell biological trait
in plants.

FtsZ2 and FtsZ1 are conserved throughout the green
lineage, and in land plants, both are components of the
chloroplast Z ring (McAndrew et al., 2001; Mori et al.,
2001; Vitha et al., 2001; Kuroiwa et al., 2002; Osteryoung
and Pyke, 2014). Like all FtsZ proteins, both FtsZ2 and
FtsZ1 are composed of a highly conserved globular
core, comprising GTP-binding and GTPase-activating
domains, that alone mediates FtsZ polymerization;
the conserved core is flanked by N- and C-terminal
extensions (Lowe and Amos, 1998; Oliva et al., 2004;
TerBush et al., 2013; Yoshida et al., 2016). A key feature
that only FtsZ2 shares with bacterial FtsZs is the pres-
ence of a short peptide near the C terminus called the
C-terminal peptide (Ma and Margolin, 1999). The
C-terminal peptides of FtsZ2-2 and its close paralog
FtsZ2-1 interact with the inner envelope chloroplast
division protein ACCUMULATION AND REPLICA-
TION OF CHLOROPLASTS 6 (ARC6), and this is
presumed to be the primary interaction mediating
membrane-tethering of the chloroplast Z ring (Maple
et al., 2005; Schmitz et al., 2009; Johnson et al., 2013).
The truncated protein encoded by the Cvi-1 FtsZ2-2
allele lacks the C-terminal peptide (in addition to
downstream residues; Fig. 3A), presumably preventing
its interaction with ARC6. Nevertheless, the presence of
FtsZ2-2 in rings and filaments in Cvi-1 (Fig. 5) implies
that the truncated protein coassembles with FtsZ2-
1 and FtsZ-1, as expected since it retains the globular
core responsible for polymerization, and also accumu-
lates at levels similar to that of the nontruncated FtsZ2-2
protein in Col-0 and Ler-0 (Fig. 3B). However, the more
disorganized morphology of FtsZ rings in Cvi-1 (Fig. 5)
indicates that C-terminal truncation of FtsZ2-2 com-
promises its function, probably by reducing the
total number of FtsZ2 subunits available for ARC6 in-
teraction and membrane tethering, in turn resulting in
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reduced division capacity and hence bigger chloro-
plasts. These results suggest that the ability of both
FtsZ2 proteins to interact with ARC6 (Maple et al., 2005;
Schmitz et al., 2009) influences the efficiency of the di-
vision process.

The FtsZ2-2 alleles in TAD 04, Vdm-0, and Sac-0 were
also associated with increased chloroplast size. Con-
sistent with previous studies showing dose-dependent
effects of FtsZ protein levels on chloroplast size (Stokes
et al., 2000; Schmitz et al., 2009), chloroplasts in TAD 04
bearing the FtsZ2-2 null allele were similar in size to
those in the Col-0 null mutant and larger than those in
Vdm-0 and Sac-0, which accumulated FtsZ2-2 at low
levels (Fig. 7, A-C). In Col-0, FtsZ2-2 accounts for about
a third of the total FtsZ2 pool, and studies in various
mutants and transgenic plants have consistently shown
that deficiency or absence of any one or two FtsZ pro-
teins does not alter accumulation of the others (Yoder
etal., 2007; McAndrew et al., 2008; Schmitz et al., 2009).
Likewise, TAD 04, Vdm-0, and Sac-0 all had FtsZ2-
1 and FtsZ1-1 levels similar to those in other acces-
sions (Fig. 7C). Therefore, the most likely explanation
for the chloroplast-size phenotypes in these three ac-
cessions (Fig. 7, A and B) is their reduced dosage of
FtsZ2-2 protein. However, although variations in pro-
tein abundance are correlated with variations in gene
expression for many quantitative traits (Ghazalpour
et al., 2011; Battle et al., 2015), this was not the case in
Vdm-0 and Sac-0, because their FtsZ2-2 transcript levels
were similar to those in other accessions with grea-
ter FtsZ2-2 protein levels and smaller chloroplasts
(Fig. 7D). We suggest that reduced protein stability may
account for the low FtsZ2-2 levels in Vdm-0 and Sac-0.
Sac-0 has multiple AAPs, but one, 296:R—P, occurs only
in this accession (Fig. 6, Seq-25). Alignment of the
Arabidopsis FtsZ2 proteins with 63 FtsZ2 proteins in
other angiosperms revealed conservation of this Arg in
all sequences analyzed. Modeling of FtsZ2 onto the
crystal structure of a bacterial FtsZ showed that this Arg
resides in an interior a-helix, H7, that connects the GTP-
binding and GTPase-activating domains within the
globular core (Oliva et al., 2004). Similarly, in Vdm-0,
the Ala substituted in the unique AAP 252:A—T (Fig. 6,
Seq-15) is conserved in all other plant, as well as bac-
terial, FtsZs analyzed and is located in another a-helix,
H5, that forms part of the interface joining polymerized
FtsZ subunits (Li et al.,, 2013a). The 296:R—P and
252:A—-T polymorphisms in Sac-0 and Vdm-0 would
likely disrupt these helices (Richardson, 1981), poten-
tially making these protein variants more susceptible to
degradation. However, we cannot rule out that other
mechanisms, such as altered posttranslational modifi-
cation, contribute to the reduced FtsZ2-2 accumulation
in these two accessions (Hansen et al., 2008; Gargano
et al., 2012; Bartlett and Whipple, 2013).

While large-effect QTLs are often associated with
allelic variation in regulatory regions that impact gene
expression (Maloof et al., 2001; Bartlett and Whipple,
2013), our data show that variation in the FtsZ2-2
coding sequence influences chloroplast size through
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multiple protein-based mechanisms. Similarly, poly-
morphisms producing various truncated and other
predicted loss-of-function proteins or altering single
amino acids have been shown to be important deter-
minants of several life-history and whole-plant traits,
including flowering time, flower color and pollinator
preference, drought tolerance, trichome patterning, and
photomorphogenesis (Le Corre et al, 2002; Shindo
et al., 2005; Balasubramanian et al., 2006; Hoballah
et al., 2007, Monroe et al., 2018). In these cases, the
relatively high frequency of such mutations suggests
that they may confer a selective advantage. In contrast,
rare allelic variants that introduce premature stop co-
dons or alter highly conserved amino acids, such as
those in FtsZ2-2 associated with increased chloroplast
size, are generally assumed to be deleterious (Clark
et al., 2007; Cao et al., 2011). Cvi has been noted to
have a particularly high incidence of such mutations,
perhaps because of its origination in an isolated island
population (Giinther and Schmid, 2010). Whether the
rare FtsZ2-2 alleles associated with the large-chloroplast
phenotype are mildly deleterious mutations that have
not been eliminated from the natural populations in
which they occur or may provide some advantage in
local adaptation remains unclear.

Data from well-annotated plant and algal genomes
indicate that many diploid land plants have two FtsZ2
genes and one FtsZ1 gene, whereas green algae have
only one of each, suggesting that duplication of FtsZ2
and retention of the second paralog conferred a selective
advantage during land-plant evolution. Complementa-
tion experiments in an ftsZ2-1 ftsZ2-2 double-mutant
background established that Arabidopsis FtsZ2-1 and
FtsZ2-2 are functionally interchangeable in vivo as long
as total FtsZ2 protein levels are close to those in the wild
type, indicating that the two FisZ2 paralogs have bio-
chemically equivalent functions (Schmitz et al., 2009).
These findings suggest that retention of both FtsZ2
paralogs may be important for maintaining stoichio-
metric balance within the Z ring and chloroplast-
division complex, consistent with models proposed
for retention of paralogs that function in macromolec-
ular complexes (Birchler and Veitia, 2010; Panchy et al.,
2016). However, the higher dN/dS ratio for FtsZ2-2
compared to FtsZ2-1 and FtsZ1-1 (Fig. 8) indicates
more relaxed functional constraint on the FtsZ2-2 cod-
ing sequence. Consistent with this result, no sequence
variants producing truncated gene products were
identified for FtsZ2-1 or FtsZ1-1 in the 1001 Genomes
database (Supplemental Datasets S3 and S5), suggest-
ing that such mutations are not well tolerated in these
two genes. While it is clear that the C-terminal trunca-
tion of FtsZ2-2 in Cvi-1 and null FtsZ2-2 allele in TAD
04 are responsible for the increased chloroplast size in
these accessions, it is possible that other, less dramatic
polymorphisms in the FtsZ2-2 coding sequence con-
tribute in more subtle ways to natural variation in
chloroplast size in Arabidopsis (Fig. 1) and could rep-
resent a difference between FtsZ2-2 and FtsZ2-1 that is
functionally important in nature.
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Natural variation in chloroplast size or other aspects
of chloroplast morphology has rarely been systemati-
cally investigated within a single species (Jellings et al.,
1983). However, such differences have been reported
between species (Honda et al., 1971; Jellings and Leech,
1984; Pyke and Leech, 1987), in different cell and tissue
types within a species (Dengler et al., 1996; Pyke, 1997;
Ahmadabadi and Bock, 2012; Stata et al., 2014; Swid
et al., 2018), and under different environmental condi-
tions (Boardman, 1977; Tsuji et al., 1979; Possingham
et al., 1988; Filek et al., 2010; Li et al., 2013b; Takemura
et al, 2017). Chloroplast size differences have been
particularly well documented in response to light con-
ditions. Plants adapted to low light typically develop
larger chloroplasts with grana that are more highly
stacked, wider, and more irregularly orientated than in
plants adapted to high light (Bjérkman et al, 1971;
Anderson et al., 1973, 1988; Boardman 1977; Lichtenthaler
et al., 1981). The increased chloroplast size in low-light
plants may be necessary to accommodate this enhanced
grana stacking and altered thylakoid architecture. The
chloroplast size differences in plants grown under dif-
ferent light intensities results, at least in part, from
differences in the frequency of chloroplast division;
chloroplasts divide less often under low light but con-
tinue to expand (Possingham, 1973). Because there is a
tightly regulated relationship between total chloroplast
compartment size and cell size (which varies between
species), and because chloroplast division and expan-
sion are mutually compensatory but independent pro-
cesses (Honda et al., 1971; Ellis and Leech, 1985; Pyke
and Leech, 1992; Pyke, 1999), a reduced frequency of
division will be accompanied by a reduced number of
chloroplasts that are larger in size. In the case of Cvi-
1 and the other Arabidopsis accessions with enlarged
chloroplasts identified in this study, altered FtsZ2-2
function or accumulation explains their reduced divi-
sion frequency and enlarged chloroplasts. Whether
changes in the levels of FtsZ2 or other chloroplast-
division proteins also contribute to chloroplast size
changes in response to light or other environmental
factors remains to be explored.

While the adaptive advantage of chloroplast size
variation has not been investigated, experiments with
Arabidopsis ftsZ and other chloroplast-division mu-
tants have shown that plants with greatly enlarged
chloroplasts exhibit defects in chloroplast movement
and impairment of some photosynthetic responses as
well as reduced mesophyll conductance, and that
somewhat altered responses could also be observed in
division mutants with less dramatic phenotypes, in-
cluding ftsZ2-2 (Jeong et al., 2002; Austin and Webber,
2005; Koniger et al., 2008; Dutta et al., 2015, 2017; Weise
etal., 2015; Xiong et al., 2017). These results, along with
the influence of environmental factors on chloro-
plast size and number discussed above, suggest that
fine-tuning of chloroplast size is important for physio-
logical fitness. Studies of chloroplast movement and
photosynthetic performance in different Arabidopsis
accessions could shed more light on the physiological
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significance of natural variation and phenotypic plas-
ticity in chloroplast size.

MATERIALS AND METHODS
Plant Materials

The following Arabidopsis (Arabidopsis thaliana) seed stocks were obtained
from the Arabidopsis Biological Resource Center (ABRC; Ohio State University;
http://abrc.osu.edu/): the Ler-0 and Cvi-1 accessions used as parents in the
construction of the NIL population (Keurentjes et al., 2007) and other accessions
shown in Figure 1 (Supplemental Table S1); the 92 NILs scored for chloroplast
size (Supplemental Table S2); the ftsZ2-2 null mutant (SALK 050397);
the At3g52760 null mutant (SAIL_61_A02); Vdm-0 (CS78837); and TV-38
(CS78770). TADO4 was a gift from Joy Bergelson (University of Chicago). All
other accessions analyzed in this study were propagated from the set of 1,135
accessions obtained from 1001genomes.org (stock ID CS78942; 1001 Genomes
Consortium, 2016), and progeny were used for analysis.

Plant Growth Conditions

Seeds were imbibed in distilled water in plastic tubes and stratified at 4°C for
2 d in the dark. Next, 2—4 seeds/pot were sown in the corners of square pots
(70 mm) filled with a sterile mixture of equal parts potting soil (Sure-mix),
perlite, and medium vermiculite. Pots were randomized across flats and
transferred into controlled-environment chambers. After testing four different
growth regimes (Supplemental Fig. S1), plants were grown under white fluo-
rescent light (100 umol m~2s~!, 12 h/12 h light/dark photoperiod; bulb types
PHILIPS, F17T8/TL841 ALTO, 17 Watts, with two tubes; SYLVANIA FO96/
841/ECO, 59 Watts, with five tubes) at 21°C in relative humidity of 60%. Plants
were fertilized with one-half strength Hoagland’s solution once per week and
watered additionally twice per week. To avoid positional light and temperature
effects on plant growth, trays were moved three times per week randomly
within the chamber.

For selection of transgenic plants, seeds were surface-sterilized and sown on
plates in 0.7% (w/v) Phytagar (Gibco BRL) containing one-half strength Lin-
smaier and Skoog (LS) medium (Caisson Laboratories) supplemented with 1%
(w/v) Suc and the relevant selection agent. Following cold treatment at 4°C for
2 d in the dark, plants on plates were grown in growth chambers under the
conditions described above. After 8-10 d, resistant plants were transferred to
soil and grown as above.

Experimental Design

To determine whether chloroplast size differences between any two parent
accessions might be more pronounced under a particular set of conditions, the 22
Arabidopsis accessions shown in Figure 1 (Supplemental Table S1) were grown
in two replicates under four different light conditions (50 or 100 umol m~2s~!
light intensity and 12 or 16 h light duration) and rosette leaves (leaf 6) were
harvested from 26- and 40-d-old plants. The set of 92 NILs (Supplemental Table
S2; Keurentjes et al., 2007) was grown in 4 replicates and their Cvi-1 and Ler-0
parents were grown in 16 replicates. The core set of 25 NILs was grown twice.
Some NILs from the full set of 92 lines were grown once.

Sampling and Microscopy

A day before sampling, a toothpick was placed next to leaf 6. The following
morning, plants were removed from the growth chamber before the lights came
on and leaves were harvested immediately. Tissue from the leaf tip was fixed
(Pyke and Leech, 1991) and chloroplasts in mesophyll cells were visualized
(Osteryoung et al., 1998) under a DMI3000B inverted microscope (Leica
Microsystems) using differential interference contrast optics under a 40X ob-
jective. Images were acquired with a Leica DFC320 camera mounted on the
microscope. A minimum of 10 images and a maximum of 50 images per sample
were taken from the fixed tissue and saved for quantitative analysis. Chloro-
plast plan area, number, and mesophyll cell plan area were measured
using Image], version 1.42 (National Institutes of Health). Average chloroplast
area * se in micrometers squared within a confidence interval of 95% with a
margin of error of 5 um? was calculated for a range of cell sizes between ~3,000
and 6,000 um?. For each individual plant sampled, a minimum of 36 chloroplasts
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were measured in three randomly chosen chloroplasts in 12 randomly chosen
mesophyll cells.

Immunofluorescence Labeling

Immunofluorescence labeling of FtsZ (Vitha et al., 2001; Yoder et al., 2007)
was carried out on mature leaves of 28-d-old plants using antibodies against
Arabidopsis FtsZ2-1 and FtsZ2-2 (Stokes et al., 2000; McAndrew et al., 2008).
Dilution of the FtsZ2-1 antibody was 1:3,500 and the FtsZ2-2 antibody was
1:1,000. Sectioning of the wax-embedded samples was conducted on an 820
Spencer rotatory microtome (American Optical) with the thickness set at 5 um.
Alexa Fluor 488-conjugated goat antirabbit secondary antibody (1:500 dilution;
lot no. 514957, Invitrogen) was used in this study. The fluorescence signals were
detected under a DMRA2 microscope (Leica) equipped with a 100X oil im-
mersion objective (HCX PL FLUOTAR; NA 1.30-0.60) and a charge-coupled
device camera (Retiga Exi, QImaging), as described in a previous study (Chen
et al., 2019). Filters L5 (480 nm excitation/505 nm emission) and TX2 (560 nm
excitation/595 nm emission) were used to observe Alexa Fluor 488 and chlo-
rophyll fluorescence, respectively. Exposure times of 400 ms and z stacks with a
0.5-um interval were used for both channels. All images were captured with
Image-Pro Plus 7.0 software (Media Cybernetics). Nearest-neighbor deconvo-
lution with 70% haze removal was conducted for all obtained images. Projec-
tion of the z stacks was carried out using Fiji (Image]) software (http:/ /fiji.sc/
Fiji) with the maximum intensity algorithm. False colors are indicated in the
figure legends.

Protein Extraction, Quantification, and
Immunoblot Analysis

About 40 mg of expanding leaf tissue from 28-d-old plants was collected in 2-
mL SealRite microcentrifuge tubes (USA Scientific) containing two stainless
steel 3.2-mm beads (BioSpecProducts) and frozen in liquid nitrogen. The tissue
was ground to powder using an automated Retsch TissueLyser II bead mill
(Qiagen). The samples were suspended in 2X sample buffer (0.25 m Tris-HCI,
pH 6.8,4.2% [w/Vv] SDS, 5% [v/v] glycerol, 200 mm dithiothreitol, and 0.0006%
[w/v] bromophenol blue), boiled for 5 min, and centrifuged at 10,000g for
10 min. The pellet was discarded, and soluble protein extract was placed on ice
or stored at —80°C. Protein concentration was quantified using Pierce 660 nm
Protein Assay Reagent (Pierce Biotechnology). Ten micrograms of protein were
separated by SDS-PAGE on 10% (w/v) polyacrylamide gels and transferred to
0.45 um NitroBind membrane (GE Water and Process Technologies) using a
Genie Apparatus (Idea Scientific Company). The membrane was dried for
30 min at room temperature before incubation with anti-FtsZ2-2 antibody
(McAndrew et al., 2008) diluted 1:12,000 or anti-FtsZ2-1 antibody (Stokes et al.,
2000) diluted 1:16,000 and anti-FtsZ1-1 antibody (Stokes et al., 2000) diluted
1:20,000 in Tris-buffered saline plus Tween 20 (TBST; 0.2 m Tris-HCI, pH 7.4,
0.8 m NaCl, and 0.1% [v/v] Tween 20) containing 2% (w/v) nonfat dry milk.
After washing with TBST, blots were incubated for 2 h with horseradish
peroxidase-conjugated goat antirabbit secondary antibody (Pierce Biotechnol-
ogy) diluted 1:10,000 in TBST containing 2% (w/v) nonfat dry milk. Following
washes in TBST, the signal was detected using Super Signal West Pico
Chemiluminescent Substrate or Super Signal West Dura Extended Duration
Substrate (Pierce Biotechnology) and recorded on blue-sensitive autoradiog-
raphy film (Denville Scientific). Following signal detection, membranes were
stained with Ponceau S as a loading control.

DNA Constructs and Plant Transformation

The DNA constructs for complementation were made using the Gateway
system (Invitrogen). Genomic DNA from rosette leaves of 28-d-old plants of Cvi-
1 and Ler-0 was isolated using the Wizard Genomic DNA Purification Kit
(Promega). A 4.4 kb genomic fragment containing ~2.4 kb of the FtsZ2-2 coding
region and ~1 kb flanking the start and stop codons was amplified from ge-
nomic DNA wusing ExTaq polymerase (Clontech) and the primers
GWAt3g32750F and GWAt3g32750R (Supplemental Table S3). PCR was per-
formed under conditions described in Supplemental Methods. The PCR pro-
ducts were cloned into pPDONOR207, verified by sequencing, and subsequently
cloned into pMDC123 to create Cvi-FtsZ2-2 or Ler-FtsZ2-2 for complementation.
The vectors were introduced into Agrobacterium tumefaciens strain C58CIRifR
containing pGV3101 via electroporation. The ftsZ2-2 (SALK 050397) mutant
plants (McAndrew et al., 2008) were transformed by floral dipping (Clough and
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Bent, 1998). Transformants were selected on plates containing 10 mg/L of the
herbicide BASTA (glufosinate ammonium; Crescent Chemical Company).

Isolation of RNA and ¢cDNA Cloning

Total RNA from Cvi-1 and Ler-0 was isolated from rosette leaves of 15-d-old
plants using the RNeasy Plant Mini Kit (Qiagen). Reverse transcription (RT)
was performed using the GoScript Reverse Transcription System (Promega)
with oligo(dT);5 annealed to 1 ug total RNA. Following first-strand cDNA
synthesis, PCR amplification was done using FtsZ2-2 gene-specific primers KS
24F and DK 9R (Supplemental Table S3) and ExTaq DNA Polymerase (Clon-
tech) to generate a partial (without the 3’ UTR) FtsZ2-2 cDNA from Cvi-1 and
Ler-0. PCR was performed under conditions described in Supplemental
Methods. RT-PCR products were separated on agarose gels containing ethid-
ium bromide and visualized using an Azure Biosystems C600 Imager (Azure
Biosystems) at subsaturation settings. Both partial FtsZ2-2 cDNAs were cloned
into pGEM-T Easy vector (Promega) and sequenced.

RT-qPCR

Total RNA from rosette leaves of 15-d-old plants was isolated as described
above. First-strand cDNA was synthesized from 1 ug total RNA using Thermo
Scientific Maxima H Minus First Strand cDNA Synthesis kit (K1651) with the
oligo dT primer provided. RT-qPCR was performed in 96-well plates (Applied
Biosystems, MicroAmp Fast Optical 96-well reaction plate with barcode, 0.1
mL, 4346906) using the Applied Biosystems 7500 Fast PCR System, with the Hot
Start-IT SYBR Green qPCR Master mix (2X; USB Affymetrix, 75762). In brief,
0.5 uL of a 1:5 dilution of the cDNA, 0.5 uL 10 um forward and reverse primer,
5 nL Hot Start-IT SYBR Green gPCR Master mix, and 3.5 uL water containing
0.7% of the passive reference dye ROX (Affymetrix) were combined in a total of
10 uL reaction volume. The gene-specific primers qPCR Z2-2 F and qPCR Z2-2
R (Supplemental Table S3) were used to determine FtsZ2-2 transcript levels.
Primers for the gene encoding Protein Phosphatase 2A Subunit A3 (PP2AA3
[At1g13320]), qPCR PPAA3F, and gPCR PPAA3R (Supplemental Table S3;
Huot et al., 2017), were used to determine the transcript level of the constitu-
tively expressed reference gene. Each reaction was performed with two tech-
nical replicates and two biological replicates, except for one accession (Kly-4),
and the averages were reported. Melt curve analysis was performed on each
reaction after the initial amplification to confirm specificity of the PCR reac-
tion. Average FtsZ2-2 transcript levels were presented relative to the average
in Col-0.

Molecular Markers and Fine Mapping

For fine mapping, molecular markers detecting polymorphisms between
Ler-0 and Cvi_0 (CVI_0.SALK) were developed based on the genomic se-
quences available at the 1001 Genomes database available at the Salk Insti-
tute Genomic Analysis Laboratory (http://signal.salk.edu/atg1001/3.0/
gebrowser.php).We generated one insertion-deletion and 11 cleaved amplified
polymorphic sequence (Neff et al., 2002) molecular markers (Supplemental
Table S3). Genomic DNA from rosette leaves of 28-d-old plants of the 92 NILs
and their Ler-0 and Cvi-1 parents was isolated using the Wizard Genomic DNA
Purification Kit (Promega) and genotyped with molecular markers. PCR was
performed under conditions described in Supplemental Methods.

Analysis of FtsZ Sequences of Arabidopsis Accessions in
the 1001 Genomes Database

The FtsZ2-2, FtsZ2-1, and FtsZ1-1 full-genomic DNA sequences were gen-
erated with the VCF (variant-calling format) records archived in the 1001 Ge-
nomes project at 1001genomes.org (1001 Genomes Consortium, 2016) using the
FastaAlternateReferenceMaker function in GATK (McKenna et al.,, 2010).
Multiple sequence alignments for each gene were performed with MUSCLE
(Edgar, 2004). Coding sequence alignments were extracted and translated into
protein sequences using customized Python scripts with the BioPython package
(Cock et al., 2009). AAPs were annotated using a customized Python script.
dN/dS ratio values were calculated by parsing the SnpEff (Cingolani et al.,
2012) output using a customized Python script. The barplot was generated
using the R package ggplot2 (Wickham, 2016). dN/dS values were all signifi-
cantly different from each other (P < 0.0001), as determined by the Tukey ad-
justment for multiple comparisons at @ = 0.05.
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Accession Numbers

Sequences for these genes can be found in The Arabidopsis Information
Resource database (https://www.arabidopsis.org/) under the following
names and accession numbers: Col-0 FtsZ2-2, AT3G52750; Col-0 FtsZ2-1,
AT2G36250; and Col-0 FtsZ1-1, AT5G55280. The sequence for the Cvi-
1 FtsZ2-2 gene can be found in GenBank under accession number
MN401146.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Chloroplast areas in Cvi-1 and Ler-2 grown un-
der different conditions and harvested at different times.

Supplemental Figure S2. Diagram of Cvi-1 introgressions in Ler-0 in 92
lines of the Ler-0 x Cvi-1 NIL population.

Supplemental Figure S3. Characterization of NILs with Cvi-1 introgres-
sions in chromosome 1.

Supplemental Figure S4. Fine-mapping of the region of chromosome 3
conferring the Cvi-1-like large-chloroplast phenotype in the Ler-0 x
Cvi-1 NIL population.

Supplemental Figure S5. Nucleotide polymorphisms between the Cvi-
1 and Ler-0/Col-0 alleles of FtsZ2-2.

Supplemental Figure S6. Chloroplast morphology phenotype of
At3g52760 mutant SAIL_61_A02.

Supplemental Figure S7. Additional transgenic Col-0 ftsZ2-2 mutants
expressing the Ler-FtsZ2-2 or Cvi-FtsZ2-2 transgenes.

Supplemental Figure S8. Additional images showing immunofluorescence
staining of FtsZ2 proteins in mesophyll cells of Ler-0 and Cvi-1.

Supplemental Figure S9. Comparison of Cvi-0 and Cvi-1 phenotypes.

Supplemental Figure $10. Chloroplast phenotypes in accessions represent-
ing different FtsZ2-2 polymorphic groups.

Supplemental Figure S11. Chloroplast size and FtsZ protein phenotypes in
representative accessions from different polymorphic groups.

Supplemental Table S1. List of RIL and NIL population parent accessions
and ABRC seed stocks used for analysis.

Supplemental Table S2. Ler-0 x Cvi-1 NIL population seed stocks used for
analysis.

Supplemental Table S3. Primers used in this study.
Supplemental Methods. PCR reaction conditions.

Supplemental Dataset S1. FtsZ2-2 amino acid sequence variants in Arabi-
dopsis accessions in the 1001 Genomes database.

Supplemental Dataset S2. FtsZ2-2 AAPs in Arabidopsis accessions in the
1001 Genomes database.

Supplemental Dataset S3. FtsZ2-1 amino acid sequence variants in Arabi-
dopsis accessions in the 1001 Genomes database.

Supplemental Dataset S4. FtsZ2-1 AAPs in Arabidopsis accessions in the
1001 Genomes database.

Supplemental Dataset S5. FtsZ1-1 amino acid sequence variants in Arabi-
dopsis accessions in the 1001 Genomes database.

Supplemental Dataset S6. FtsZ1-1 AAPs in Arabidopsis accessions in the
1001 Genomes database.
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