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Abstract

Background: The developmental gradient in monocot leaves has been exploited to
uncover leaf developmental gene expression programs and chloroplast biogenesis
processes. However, the relationship between the two is barely understood, which
limits the value of transcriptome data to understand the process of chloroplast
development.

Results: Taking advantage of the developmental gradient in the bread wheat leaf,
we provide a simultaneous quantitative analysis for the development of mesophyll
cells and of chloroplasts as a cellular compartment. This allows us to generate the
first biologically-informed gene expression map of this leaf, with the entire
developmental gradient from meristematic to fully differentiated cells captured. We
show that the first phase of plastid development begins with organelle proliferation,
which extends well beyond cell proliferation, and continues with the establishment
and then the build-up of the plastid genetic machinery. The second phase is marked
by the development of photosynthetic chloroplasts which occupy the available
cellular space. Using a network reconstruction algorithm, we predict that known
chloroplast gene expression regulators are differentially involved across those
developmental stages.

Conclusions: Our analysis generates both the first wheat leaf transcriptional map
and one of the most comprehensive descriptions to date of the developmental
history of chloroplasts in higher plants. It reveals functionally distinct plastid and
chloroplast development stages, identifies processes occurring in each of them, and
highlights our very limited knowledge of the earliest drivers of plastid biogenesis,
while providing a basis for their future identification.
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Background
Rational engineering of photosynthetic performance could provide the best available

avenue to increase crop yield potential [1]. For such an approach to be undertaken, a

fundamental understanding of chloroplast development is an absolute prerequisite.

Leaves are the primary photosynthetic organs, within which mesophyll cells differenti-

ate to become chloroplast-filled. Differentiation involves morphogenesis but also cell-

appropriate organelle biogenesis programs. Understanding the build-up of photosyn-

thetic capacity requires detailed knowledge of how these cells, and chloroplasts within,

are produced and develop. Monocot leaves, where cell proliferation and differentiation

are displayed along a linear developmental gradient, provide an ideally suited experi-

mental system to study these processes. Leaf primordia form at the flanks of the stem

cell population in the shoot apical meristem. Primordium cells, in contrast to stem

cells, are already specified, have entered a period of maximal proliferation, but for a

limited number of times, and can thus be considered the plant equivalent of progenitor

cells in animal organs. Differentiation subsequently occurs in leaf primordia basipetally,

resulting in a gradient of easily distinguishable cellular morphologies of distal differenti-

ated cells towards the tip of the leaf, basal progenitor proliferating cells adjacent to the

shoot apical meristem, and all possible intermediate stages in between.

This developmental gradient is common to the world’s three main cereal crops,

wheat, rice, and maize. It is not dissimilar to the gradient of proliferation and differenti-

ation along developing roots [2] but, in contrast, it provides a unique opportunity to

study chloroplast biogenesis and differentiation. Pioneering early work made use of the

developing maize or wheat leaf gradient to demonstrate that dumb-bell shaped, divid-

ing chloroplasts appear at the base of the leaf [3, 4] and that chloroplast DNA replica-

tion occurs for longer than nuclear DNA replication does [5]. Later, detailed

observations in developing barley leaves observed a very early accumulation of plastid

DNA, with replication continuing in order to maintain genome content as plastids

gradually proliferated, and with plastid transcription becoming established first for

genetic machinery or, later, for photosynthetic genes [6, 7].

Chloroplast biogenesis involves a multiplicity of processes. These include the prolifer-

ation of a small number of proplastids, their preparation to synthesize large quantities

of photosynthetic polypeptides encoded in the plastid genome, which itself requires

replication of sufficient copies of the genome, activation of this endogenous genetic

machinery and accumulation of ribosomes and other translation factors, development

of the capacity for nuclear-encoded protein import into chloroplasts, synthesis of thyla-

koid galactolipid membrane and photosynthetic pigments, and synthesis or import and

assembly of photosynthetic complexes in thylakoid membranes [8].

With the advent of whole genome information, this leaf developmental gradient has

been exploited through a range of “omics” technologies. The maize leaf has received

the most detailed attention, using transcriptomic, chloroplast “translatomic,” proteomic,

phosphoproteomic, and metabolomic techniques [9–13]. Some of these studies also re-

corded structural features, such as the appearance of thylakoid membranes, and that of

other organelles at different developmental stages [11, 12], but such record was descrip-

tive and lacked quantitative data for cellular parameters that could be correlated with

quantitative molecular events, to attain a comprehensive developmental map for meso-

phyll cell differentiation. Wheat, particularly hexaploid bread wheat with its large cell
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sizes, has proven particularly amenable to quantitative organellar analyses [14–16].

However, in wheat, given the recent genome decoding, transcriptome analysis is only

available for whole leaf sheaths and blades [17]. In this work, we set out to capture the

entire developmental gradient from meristematic to fully differentiated cells and to

quantitatively understand chloroplast biogenesis, together with their underlying mo-

lecular processes, in order to describe a developmental trajectory of chloroplasts.

Results
Developmental analysis of the wheat leaf reveals stages of cell and chloroplast

differentiation

In order to generate a quantitative analysis of chloroplast biogenesis and a simultan-

eous global gene expression map of the developing wheat leaf, we first carried out a

careful selection of biological material. In preliminary experiments on consecutive

leaves, we observed, as anticipated, rapid changes in cellular morphology across short

physical distances at the base, and very limited differences at more mature stages. It is

important to note that while the distance of cells from the leaf base is related to devel-

opmental time, the relationship is far from linear. Elegant measurements by Boffey

et al. [15], of the first leaf of wheat grown under conditions similar to ours, identified

the relationship between distance from the leaf base and cellular age after exit from the

shoot meristem. We used this position/age relationship, corrected for the elongation

rate observed in our conditions (see “Methods”), to estimate cellular age. The meso-

phyll cell morphology and the calculated cellular age prompted the need for much

denser sampling at the base of leaves than towards the tip.

Cereal leaves present two regions, the cylindrical basal sheath, which emerges last

from the meristem and envelops younger leaves to provide structural support, and the

blade, with photosynthetic role. A ligule separates them (see mature leaf in Fig. 1b).

Sheath and blade cells inevitably undertake distinct developmental paths [17], and

therefore it was important to select a leaf developmental stage before they become dis-

tinct, which under our conditions was the case for the first leaf of 6-day-old seedlings,

which exhibited an essentially uninterrupted developmental sequence. In order to

include the earliest fully proliferating cells, we also collected a sample of the shoot ap-

ical meristem with the incipient youngest leaves (plastochron stages P3 to P1), the

primordium of leaf 3 being around 1.5 mm in length (Fig. 1a). The meristem produced

only leaves, internodes initiating much later in development. To obtain a fully mature

photosynthetic stage, but without any signs of senescence, we dissected the middle re-

gion of the 2-week-old leaf 1 blade to complete a total of 15 samples (Fig. 1b). We used

the same dissected leaf samples to simultaneously obtain materials for quantitative

microscopy-based cellular and organelle differentiation analysis, and cell cycle stage

identification by flow cytometry and molecular analyses (Fig. 1c).

Our cellular analysis was focused on the photosynthetic mesophyll cells that make up

about two thirds of the area of a transverse, mature C3 grass leaf section [18], and

therefore of the leaf volume. Meristematic/leaf primordia cells were homogeneously

small, prismatic, generally isodiametric and with a central large nucleus (Fig. 1d, sample

1). Cells at the leaf base (sample 2, first 5 mm) remained isodiametric, but increased in

size. In the subsequent stage (sample 3, 5–10 mm), cells further enlarged, but remained
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isodiametric, while after the 10mm position (samples 4–5) cells begun to elongate and

after 15 mm started to produce the characteristic lobed shape of wheat mesophyll cells

(sample 5 onwards). A large number of proplastids could be observed by varying the

focal plane under DIC microscopy already in cells at early stages of leaf development,

but greening, indicative of an assembled photosynthetic apparatus, became apparent

only at around 30 mm from the meristem (sample 8 onwards), a few millimeters before

the point at which leaf 1 emerged from its enveloping coleoptile. Thereafter, green

chloroplasts grew rapidly in size and filled the available cellular space, arranged as a

single layer sandwiched in a thin cytoplasm sheath between the vacuole and the plasma

membrane (Fig. 1d).

Having identified the full range of cellular and organelle differentiation morphologies,

representing the entire leaf developmental sequence, we proceeded to quantify the cel-

lular and organellar parameters and the underlying molecular processes through global

transcriptome profiling in the same 15 samples.

Fig. 1 Developmental analysis reveals stages of cell and chloroplast differentiation. a, b Image of leaf
sampling, showing the biological material used as sample 1 (a, shoot apex, 6-day-old) and 2–14, from 6-
day-old, and 15, from 14-day-old leaf 1 (b). Scale bars: 100 μm (a), 5 mm for seed image and 10 mm for leaf
dissection image (b). Cross marks indicate excluded sections. M: meristem. P1-P3: plastochron stages 1-3. c
Experimental strategy. Parallel replicates were used for quantitative differential interference contrast
microscopy, flow cytometric analysis of cell cycle, simultaneous DNA and RNA isolation and protein
extraction. d Individual cellular morphologies of mesophyll cells, representative of each sample, visualizing
cellular expansion following proliferation, increasing plastid number, acquisition of lobed cell morphology
and filling of the available cellular space by expanding, green chloroplasts. Scale bar: 25 μm
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Biologically informed gene expression map of wheat leaf development demonstrates key

differentiation processes

Triplicate RNA samples were subjected to reverse transcription and Illumina-based se-

quencing. Around 30 million reads were obtained per sample. We made use of the most

recent IWGSC genome annotation [19], which encompasses close to 100,000 genes, in-

cluding homoeologs of the A, B, and D genomes. We used principal component analysis

of variance (PCA) to, in an unbiased manner, establish the degree of difference between

the different samples and their replicas. A plot of first two principal components (x and y

axes, Fig. 2a) or including the third one (x, y, and z axes, Fig. 2b) demonstrated a very

short distance between the replica samples and therefore a high degree of reproducibility

of the data. PCA also revealed that a broad coverage of the trajectory of the developmental

gradient had been achieved, with the largest variance being observed during the earliest

stages of cellular development. For example, while greening in sample 14 is over 30 fold

greater than in sample 4 (Fig. 1b and see below), the variance between those two samples

captured by both the first and second principal components (their distance along those

two axes) is not as large as that between samples 1 and 4 (shoot apex and first 15mm of

the leaf base). The first three components accounted for nearly 80% of the total expression

variance (Fig. 2c, d). In order to understand the biological processes represented by the

principal components, we calculated the load factors of each gene for each of the three

components, and identified gene ontology terms enriched in the genes with the top and

bottom 5% load factors (see “Methods”). The result (Additional file 1: Figure S1) is sum-

marized in the axes of Fig. 2b and shows that the first component, accounting for over

40% of the variance, effectively represented developmental (pseudo-) time, a gradual shift

from early biosynthetic metabolism to photosynthesis. Interestingly, component 2 (19% of

variance) moved forward and back, displaying an intermediate peak which, according to

gene load factors, represents both plastid and cell wall organization genes that show max-

imum expression at samples 4 and 5 (the second cm from the leaf base). The third com-

ponent involved a departure from DNA synthesis and an eventual peak of expression of

mature tissue gene signatures (transport processes).

Following a selection procedure designed to compare the different points across a

temporal sequence, with thresholds for minimum expression, fold change, and coeffi-

cient of variation (see “Methods”), a total of 42,057 dynamically expressed genes [20]

(DYGs, including individual homoeologs) were identified (Additional file 2: Table S1).

This constitutes over 40% of the entire genome. Clustering using WGCNA [21] identi-

fied 12 expression modules (Fig. 2c), with peaks of expression covering the full develop-

mental gradient. We used an over- or under-representation procedure of gene sets

representing selected biological and molecular functions (Fig. 2d), which allowed both a

broad representation of the processes and the ability to visualize sub-modules within

the same functional groups (Additional file 1: Figure S2) [22]. The first module, with

peak of expression in the shoot apex, is enriched to an extraordinary degree (p <

10−100) in genes involved in transcriptional control, cell cycle, and translation (including

genes encoding ribosomal proteins), i.e., cytoplasmic cell growth. The second module

was small but highly specific to the leaf base and is almost-uniquely overrepresented in

hormone-related functions. The third module showed a broad peak in the early sam-

ples and encompasses further ribosomal and mitochondrial build-up. These three mod-

ules alone included nearly half (47%) of all DYGs.
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Fig. 2 (See legend on next page.)
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Examination of the expression of genes selected as part of the functional classification

strategy (Additional file 1: Figure S2, Additional file 3: Table S2) provided further,

highly informative insight into the processes of construction of the leaf organ. Given

that the processes of “transcription and its regulation,” “translation,” and “protein fate”

in particular could represent markedly different activities in different cellular compart-

ments, we further indicated through color codes for these three processes whether the

individual genes encoded proteins targeted to the mitochondrion, the chloroplast, both

or elsewhere (Additional file 1: Figure S2, Additional file 3: Table S2). We observed that

while the majority of genes for ribosomal or translation-related proteins were tightly

co-expressed and highly active at the shoot meristem and the first leaf base samples,

and this was also the case for mitochondrial translation proteins, genes encoding

chloroplast ribosomal and other translation-related proteins were particularly abundant

among the cohorts of genes peaking in samples 4–11, 10–60 mm from the base. Build-

up of the mitochondrial metabolism and respiratory chain peaked in samples 3–4, be-

tween 5 and 15 mm, while the majority of photosynthesis-related genes became sub-

stantially expressed from sample 8, after 30 mm from the base. Tight cohorts of genes

within metabolism or cell wall synthesis and modification also reveal discrete and se-

quential biogenic activities (Additional file 1: Figure S2, Additional file 3: Table S2). We

noted that the unique gene expression signature of the mature leaf sample was not pri-

marily due to the initiation of senescence or of autophagy, as the overrepresentation of

specifically these two processes in it was limited, genes involved in many other func-

tions also being altered.

The function of the shoot apical meristem, cell specification processes in leaf primor-

dia, and later differentiation, of both cells and chloroplasts, involve fundamental regula-

tory events brought about by hormonal action [23, 24]. Genes functionally classified as

of hormone action were overrepresented specifically at the leaf base, sample 2 (Fig. 2c,

d). We took advantage of our transcriptome data to indirectly examine the broad extent

of action of eight plant hormones, visualizing the expression of genes involved in their

synthesis/catabolism or signal transduction, and that of genes previously shown to be

induced by the relevant hormone (serving as reporters), through a previously used ap-

proach [24, 25]. Particularly important roles for auxin were evident in the shoot meri-

stematic region and the base of the leaf (Additional file 1: Figure S3, Additional file 4:

Table S3). Auxin action occurs through strikingly distinct cohorts of genes in the shoot

apical region, the leaf base, and the regions in which different stages of cell elongation

occur (Additional file 1: Figure S3). The data also suggest differential gene functions for

auxin receptors, expressed in the shoot apex containing meristematic cells (TIR1), in

specified progenitor cells at the leaf base (AFB5) or in early expanding cells (ABP1)

(See figure on previous page.)
Fig. 2 Biologically informed global gene expression program of the first leaf of wheat. a Principal
component (PC) analysis (PCA), displaying the first two components of variance among each biological
replica of each sample. b PCA displaying the first three components. Samples colored as in a. Ontology
terms associated with the genes with the highest load in each direction of each PC are indicated in the
corresponding axis. c Heatmap (red, high; blue, low) of the expression (Z-score) of 42,057 dynamically
expressed genes (DYGs), grouped in clusters (modules 1–12) as identified by WGCNA, and ordered by
timing of peak expression. Some selected, overrepresented functional classification terms (displayed in d)
are included. d Probability (displayed as the inverse of the log10) of over/underrepresented functional
classification terms of each gene cluster displayed in c
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(Additional file 4: Table S3). The same applies to various auxin response factors (ARFs),

showing sequential expression with peaks ranging from the shoot apex to the region of

cell expansion (MONOPTEROUS/ARF6/ARF8/ARF19). In relation to chloroplast dif-

ferentiation, this approach highlighted a possible role only for cytokinin, given that

about half the cytokinin signalling genes displayed showed clearest expression between

samples 6 and 13 (Additional file 1: Figure S3) at the time during which greening was

most pronounced. These signatures generate a wealth of hypotheses, concerning leaf

and organelle development, for further analysis.

Consecutive occurrence of cellular proliferation, cytoplasmic growth, and cell expansion

Multiplication of organelles is essential for their number to be maintained in pro-

liferating cells, when each cell division on average halves it, as well as to increase

their number in non-dividing cells as part of cellular differentiation. Thus, the

quantitative understanding of chloroplast biogenesis necessitates the simultaneous

understanding of cell proliferation. We therefore examined this in detail, using

quantitative microscopy (Fig. 1) and simultaneous flow cytometric analysis of cell

cycle stages (Fig. 3a, Additional file 1: Figure S4). In sample 1, containing the

meristem/leaf primordia, we found a high proportion (around 30%) of nuclei

undergoing S phase. Based on data showing that the fastest recorded cell cycle in

wheat is 12 h [26] while the duration of S phase is around 3 h [27], it is likely

that the totality of meristem and primordia cells in our sample 1 are undergoing

cycling and that the cycle is operating at full speed. The S phase proportion de-

clined slightly in sample 2, the first 5 mm of the leaf base, very rapidly dimin-

ished to less than 30% of that in the shoot apex in sample 3, 5–10 mm from the

leaf base, making the cells’ doubling time close to 2 days, and became barely de-

tectable above background subsequently (Fig. 3a, Additional file 1: Figure S4).

We selected a number of signature genes representative of both DNA synthesis and

mitosis (listed in Additional file 5: Table S4) from our transcriptome data, and

represented their relative expression levels as Z-scores (the expression values for these

and other genes in this functional class, as those in others, are provided in Additional

file 3: Table S2). In agreement with the flow cytometry data, these genes peaked in ex-

pression in the shoot apex, and their transcript levels became minimal in sample 3, be-

tween 5 and 10mm of the leaf base (Fig. 3c). These cell cycle genes are known targets

of the E2F transcription factors, which are themselves known to become active when

the RETINOBLASTOMA-RELATED (RBR) protein is inactivated by phosphorylation

[28, 29]. Immunoblot analysis shows that RBR phosphorylation is high only in the

meristematic sample and already declines substantially in the leaf base, becoming un-

detectable subsequently (Fig. 3b). The total level of RBR1 (one of two RBR proteins

present in monocots, and against which an antibody is available) is also most abundant

towards the leaf base, but diminishes less rapidly than its degree of phosphorylation

does, consistent with its role in repression of cell cycle genes at those subsequent

stages.

Measurements of cell size showed an increase already at the leaf base compared to

cells in the shoot apex, indicating that the cell expansion program starts at the base

while cells still proliferate (Fig. 3d). The vast majority of cell expansion occurred up to
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sample 7, 30 mm from the base, when cells are less than 2 days old; making this the re-

gion which drives leaf lengthening [15]. A small second bout of expansion of mesophyll

cells (likely increase in width) occurred from sample 12, after 80 mm, accounting for

15–20% of the final cell plan area (Fig. 3d). Signature genes for cell wall synthesis (cel-

lulose synthases, arabinogalactan proteins, Additional file 5: Table S4) showed two dis-

tinct early peaks (Fig. 3e), with the main cellulose synthases peaking around sample 6,

20–25mm from the leaf base. Genes associated with cell expansion or turgor facilita-

tion (expansins, aquaporins) showed a corresponding early expression (Fig. 3f).

In summary, divisions are rapid and continuous in leaf primordia. At the base of the

developing leaf, cells only undergo between one and two further rounds of division. In

the first half day after leaving the meristem, cells move up about 2–3 mm [15] by the

expansion of dividing, preceding cells also leaving the meristem. Between half and 1

day, cells move up to 8–9 mm and essentially cease proliferation. Simultaneously with

proliferation, cells initiate expansion at the leaf base, this continues after cells fully exit

the division cycle, and largely concludes in the following 24 h, ending the first phase of

morphological differentiation (Fig. 3d).

Fig. 3 Very early cell proliferation and subsequent cell growth coincide with expression of associated
genes. a Summary of flow cytometric analysis of cell cycle stages for the first 14 samples. G1: gap 1. G2:
gap 2. S: DNA synthesis phase. b Immunoblot of 20 μg of total protein from each of the first 14 samples,
using antibodies specific to retinoblastoma-related protein 1 (RBR1) and its phosphorylated form (P-RB). The
lower panel shows a replica gel stained for total protein with Coomassie brilliant blue. Molecular weights
(kDa) are indicated on the right. c Expression of cell cycle-associated genes, displayed as Z-score. The
individual genes are listed in Additional file 5: Table S4. d Box plots of cell size, measured as cell plan area,
for each sample. See Additional file 5: Table S6 and Table S7 for details of microscopy calculations (n = 48
cells per sample) and for R script. The boxes represent upper and lower quartiles, with the middle line the
median, and the whiskers the full range of observations. The fact that the leaf material for the first 8
samples was included within the seedling coleoptile is indicated. e Expression (Z-score) of cell wall
synthesis-associated genes. f Expression (Z-score) of cell expansion genes
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A phase of plastid proliferation is followed by the build-up of plastid genomes and

transcription and translation machinery

The most important aspect of mesophyll cell differentiation, and arguably of leaf func-

tion, is the gradual filling of cells with plastids (Figs. 1d, 4). We used quantitative

microscopy [30] to record the number of plastids or chloroplasts, their size and propor-

tion of the cell they occupied, and used quantitative PCR and alternative techniques to

measure the number of copies of the plastid genome and of plastid ribosomes in rela-

tion to their cytosolic counterparts (Fig. 4).

Plastid number per cell increased in cells located within the basal 20 mm, up to sam-

ple 5 (Fig. 4a). Considering that in the first two samples cells halve the plastid number

at each division, the calculated frequency of plastid divisions was in fact highest in pro-

liferating cells but declined slower than cell proliferation did (Fig. 4b). Those data show

that once cells become specified at the base of the leaf, their plastids undergo between

4 and 5 rounds of division in total. This is confined largely to the first 24 h and fully to

the basal 15 mm segment, samples 2–4, broadly coinciding with cell enlargement but

before the lobed cell morphology is attained. A selection of plastid division signature

genes (Additional file 5: Table S4) was consistent with such a pattern, the expression of

several plastid division genes is early and mirrors the calculated division, see, e.g.,

ARC2, ceasing after 15 mm, although others extend further (Fig. 4c). The FZL gene has

been shown to be involved in thylakoid biogenesis [31], but its mutant phenotype [32],

with fewer, larger chloroplasts, is suggestive of a possible role in plastid proliferation; it

is interesting to observe its later expression, between samples 6 and 12, 20 to 80mm

from the base (Fig. 4c), compatible with thylakoid development and incompatible with

a role at the stage of division. To our surprise, we consistently observed a small, gradual

reduction of plastid numbers in the latter region. The reason for both of these observa-

tions will require future investigation.

The size of individual plastids increased continuously from the very early stages, even

during plastid proliferation, but reached a transient plateau before greening and then

underwent a second phase of rapid enlargement (Fig. 4d). Remarkably, the total area of

all plastids in a cell also increased in two distinct stages (Fig. 4e). The rate of growth,

corrected for the effect of cell division, even more clearly showed the two distinct

phases of build-up of the chloroplast compartment. The first, which we designated

“plastid” phase, preceded greening and essentially concluded with the stage in sample

7, at 30 mm from the base (between 1.5 and 2 days after cells left the meristem), while

the second, which we consider “chloroplast” phase, began at around sample 10, 40 mm

from the leaf base and continued throughout to fill the mesophyll cells (Fig. 4f). This is

intriguing since it reveals a spurt of plastid growth activity well before greening. The

transition between the two phases broadly coincides with the emergence of the first leaf

from its enveloping coleoptile, a translucent, non-photosynthetic, leaf-like structure,

which aids leaf emergence through the soil and provides structural support. The pro-

portion of the cell occupied by the organelles, i.e., the cellular chloroplast compartment

or “chloroplast index,” was calculated as the total area of chloroplasts (obtained as the

product of chloroplast number and average chloroplast plan area), divided by total cell

plan area. We found this also to follow a clear biphasic profile (Fig. 4g). The full occu-

pancy of cells by chloroplasts is dependent on the activity of the REC gene family [33].

We found (Fig. 4h) that while FMT showed expression consistent with a role in
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mitochondrial cellular distribution, REC1 peaked around the time of maximal plastid

growth, while the expression of REC2 and REC3 preceded the “chloroplast growth”

phase.

Concomitant and subsequent to their multiplication, starting from a small initial

number of proplastids, the replication of sufficient copies of the plastid genome follows,

to support the synthesis of large quantities of the photosynthetic polypeptides it en-

codes. Indeed, DAPI staining of DNA showed that while the majority of cellular DNA

is nuclear, non-nuclear DNA in mature mesophyll cells was associated with chloro-

plasts (Additional file 1: Figure S5). In agreement, we observed (Fig. 4i) that the detect-

able but very low initial number of copies of chloroplast DNA (cpDNA) per haploid

Fig. 4 Distinct plastid and chloroplast growth phases, the plastid phase involving proliferation, genome
replication and ribosome build-up. a Plastid number per cell. The region covered by coleoptile is shown. b
Calculated plastid division rate. See Additional file 5: Table S6, S7 and S8 for details of microscopy
calculations (n = 48 cells per sample) and cell proliferation corrections. c Expression (Z-score) of nuclear-
encoded genes for plastid division-associated proteins. d Individual plastid/chloroplast size, measured for
plastids positioned perpendicular to the direction of view (n = 10 plastids per cell). e Total plastid/
chloroplast area per cell. f Chloroplast cellular growth rate, corrected for the effect of cell division, as in b. g
Chloroplast index, ratio of the total chloroplast plan area in each cell and the plan area of the same cell. h
As c, for proteins impacting the cellular chloroplast coverage. i Ratio of chloroplast genome (cpDNA) to
haploid nuclear genome (gDNA) copies, measured in 3 biological replicates, each measured as 2 technical
replicates, with the mean displayed. Error bars represent standard error of the mean between biological
replicates. j As c, for plastid transcriptionally active chromosome proteins. k Ratio of chloroplast ribosomal
RNA (cprRNA) to cytosolic ribosomal RNA (rRNA), quantified in each of four independent RNA preparations
for each of the 15 samples. Values displayed as means ± standard error of the mean. l Expression, as c, for
chloroplast translation-related proteins. m, n As c, for chloroplast protein import-associated translocon
components. o Expression of genes for chloroplast transcription-related proteins. All individual genes are
listed in Additional file 5: Table S4. The region of transition between the plastid and chloroplast growth
phases, around sample 8 (identified in Fig. 4f), is shown as a gray band in every panel
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nuclear genome (gDNA) underwent multiple rounds of replication throughout the

“plastid growth” phase, with less than one final round (not all copies of cpDNA

replicated) taking place during the “chloroplast growth” stage. Multimers of cpDNA

and associated proteins form nucleoids. A number of such polypeptides have been

identified as plastid transcriptionally active chromosome proteins (pTACs) [34]. The

expression of several of these nucleoid proteins also largely peaked during the plastid

phase (Fig. 4j), although that of the wheat homolog of pTAC12/HEMERA (see later)

continued for longer and that of pTAC11/WHIRLY3 followed a distinct profile, more

akin to that of chloroplast translation-associated proteins (see below). We also observed

an apparent final loss of around 50% of the cpDNA in the mature leaf sample. Given

the fact that we quantified three different plastid DNA genes, in the so-called large and

small single-copy regions and in the inverted repeat (Additional file 1: Figure S6), this

decrease cannot be explained by plastid genome rearrangements. The decrease, how-

ever, is consistent with a smaller decrease observed in mature maize leaf stages in one

study [35], and does not support the near-total loss observed in another study [36].

While the vast majority of plastid-encoded proteins play a photosynthetic role,

chloroplast ribosomes are constituted of plastid-encoded rRNA, making an early,

active plastid genome essential. Like chloroplast genomes, chloroplast ribosomes,

as quantified by the content of 16S cprRNA relative to 18S cytosolic rRNA, were

present in very low amounts in shoot apical or leaf base cells, and accumulated

largely during the plastid growth phase, by that time achieving already more than

50% of their final content in spite of the small total plastid content (Fig. 4k,

Additional file 1: Figure S7). This was corroborated using two separate techniques

(see “Methods”). As a result, the investment of cellular translation capacity clearly

shifts from almost entirely cytoplasmic (less than 1% plastidic), when cell prolifer-

ation is taking place, to more balanced (between 1/5 and 1/3 of total rRNA being

plastidial), for almost the entire duration of the greening process. Genes for

nuclear-encoded chloroplast proteins constituting part of ribosomes or otherwise

associated with chloroplast translation exhibited the broadest profiles in expres-

sion, spanning both the plastid and the chloroplast phases (Fig. 4l), raising rapidly

in sample 3, after the first 5 mm of leaf base (in cells of under 1 day of age since

leaving the meristem) and remaining high until at least 80 mm, in sample 12 (2

days later).

To support chloroplast biogenesis, the capacity for the import of nuclear-encoded

proteins into chloroplasts needs building up. Our data show that the early plastid phase

coincides with peaks of expression of genes for several protein import translocon com-

ponents, at the outer and inner plastid envelopes (samples 3–4, 5 to 15mm from the

meristem, Fig. 4m, n, Additional file 5: Table S4). These components include homologs

of TOC34, TOC159 (I) and the channel TOC75. Meanwhile, an alternative TOC159

(II), expressed in cells at the shoot apex, reinitiated expression later. Of note, the gene

for the SP1 ubiquitin ligase, involved in Arabidopsis in the remodelling of import com-

plexes to switch from an import function for housekeeping to one for photosynthetic

polypeptides, or vice versa [37], reached highest, broad levels of expression around the

transition point from the plastid to the chloroplast phase (Fig. 4m).

Transcription occurs in plastids at nucleoids. In agreement with previous observa-

tions [38], different actors of plastid transcription were synthesized in succession, with
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the nuclear-encoded RNA polymerase (RPOTp, homologous to the mitochondrial poly-

merase) being expressed early (Fig. 4o). Our nuclear transcriptome data do not include

the expression of the subunits of the multimeric, alternative, chloroplast-encoded RNA

polymerase, also known as plastid-encoded polymerase or PEP. However, the SVR4/

RCB (regulator of chloroplast biogenesis) protein has recently been shown to play a

central role in PEP assembly [39], and its gene expression profile (Fig. 4o) matches

those of both the RPOTp and that which had been followed by several pTACs (Fig. 4j)

whose loss indeed impacts early PEP function [34]. In a very revealing manner, sigma

factors, the nuclear-encoded regulatory subunits of the chloroplast-encoded polymer-

ase, peaked in expression successively, in the order of SIG3, SIG2_1 (plastid stage),

SIG2_2, SIG6 (transition) and SIG1, SIG5 (chloroplast stage), suggesting dedicated

function in expression of different cohorts of PEP-dependent genes underpinning the

phases of chloroplast biogenesis.

The latter phase of chloroplast development involves photosynthetic build-up

We carried out a bulk quantitation of the development of photosynthetic appar-

atus (chlorophyll-containing reaction centers and antenna proteins) by measuring

chlorophyll per unit leaf mass (Fig. 5a). This showed that pigment-containing

complexes accumulate gradually but very slowly in young cells undergoing the

plastid expansion phase, their rate of accumulation becoming substantial only

around sample 7, 30 mm (cell age between 1.5 and 2 days), as chloroplasts initiate

their rapid growth phase, starting from roughly 30% of their final individual area.

Signature genes (Additional file 5: Table S4) were used to characterize the develop-

ment of the photosynthetic apparatus. Their relative expressions were remarkably con-

sistent, but exhibited developmental (pseudo-) time shifts: genes involved in

chlorophyll and carotenoid biosynthesis initiated their expression early, in sample 4, be-

tween 1 and 1.5 days of cell age, while plastids were still proliferating; the CURT1 gene,

whose product plays a structural role in thylakoid membrane development [40],

followed an identical profile (Fig. 5b). Genes for nuclear-encoded proteins associated to

the reaction centers, or for antenna or electron transport components followed similar

kinetics (antenna transcript levels dropping earlier), but were shifted by a few hours (at

this stage by about one sample, Fig. 5c). Carbon fixation-related genes followed almost

immediately after (Fig. 5d). Notably, genes for photorespiration-related chloroplast

enzymes followed essentially identical patterns to those for carbon fixation (Additional

file 5: Table S4, Fig. 5d), consistent with shared regulation. In summary, the distinct

plastid and chloroplast phases of organelle biogenesis are underpinned by correspond-

ing, distinct gene expression programs to synthesize and assemble the photosynthetic

capacity.

We then set out to determine how transcript levels are reflected in the abundance of

plastid-localized proteins during the distinct stages of plastid biogenesis. To this end,

we used immunoblots to monitor the levels of three protein products of genes repre-

senting each of the two phases. SVR4/RCB, ARC5 and TIC40 represent fundamental

agents in PEP assembly, plastid division and protein import respectively. Proteins that

are part of the photosystem antenna (LHCB1), are associated with the PSII reaction

center (PsbO) or form part of the carbon fixation cycle (SBPase) were also selected.
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Transcripts for these genes accumulated in cells at the “plastid growth” (RCB, ARC5,

TIC40) or “chloroplast” phases (LHCB1, PsbO, SBPase, Fig. 5e). Immunoblots demon-

strated a clear plastid- (RCB, ARC5) or chloroplast-phase (LHCB1, PsbO, SBPase) pro-

tein accumulation profile, while TIC40 protein, in spite of being the product of a

“plastid stage” transcript, was abundant through both stages, presumably a result of low

protein turnover and of a role which is also fundamental for photosynthetic chloroplast

differentiation (Fig. 5f). Interestingly, TIC40 appeared as two forms of slightly different

electrophoretic mobility, the transition between them coinciding almost exactly with

the plastid/chloroplast stage transition. The nature and significance of this transition is

currently unknown. These protein data provide further support for the distinct phases

of plastid biogenesis.

Fig. 5 The second, chloroplast growth phase involves greening and is supported by protein accumulation
profiles. a Chlorophyll content, quantified in each of three independent biological replicates per sample.
Error bars represent standard error of the mean. See Additional file 5: Table S6 for calculations. b, c, d
Expression (Z-scores) of pigment biosynthesis and thylakoid biogenesis (b), light reactions (c) and carbon
fixation-associated genes (d). e Expression (Z-scores) of chloroplast development-associated transcripts
reflecting two stages of plastid development, peaking in the early plastid phase (RCB, ARC5 and TIC40) and,
second, chloroplast phase (PSBO2, LHCB1.4 and SBPAse). f Immunoblot analysis of the protein products of
the genes displayed in e. In total, 20 μg of protein of samples 1–14 (for PSBO2, LHCB1.4 and SBPAse), 40 μg
(for RCB, ARC5 and TIC40) or 10 μg (for Histone H3 as a constitutive control) was separated on denaturing
SDS-PAGE gels, transferred to blots and probed with antibodies against the protein indicated. A Coomassie-
stained total protein replica gel is also shown. Molecular weights (KDa) are indicated on the left. The results
show one typical example from among three independent protein extraction and immunoblot experiments
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Stage-specific modelled activity of candidate regulators of chloroplast biogenesis

In an effort to associate candidate drivers to the two phases of the chloroplast biogen-

esis gene expression program, we examined the expression of previously identified pro-

teins with either chloroplast-related transcription factor function, or a range of other

functions but which also impinge on the regulation of transcription for chloroplast pro-

teins. Such regulators have been identified by mutants leading to defects in greening

(G2/GLK [41]) or the response to light (HY5 [42], HEMERA/pTAC12 [43], RCB/

SVR4/MRL7 [39] and NCP/MRL7-L [44]) or cytokinin (GNC [45]). Supporting evi-

dence of the regulatory roles of GLKs and GNC is the fact that, when overexpressed,

they promote ectopic greening of excised Arabidopsis roots [46]. CIA2 was identified

through its involvement in the expression of chloroplast protein translocon compo-

nents [47]. While not a direct transcriptional regulator, we also separately monitored

expression of the GUN1 gene, whose product is central for chloroplast-to-nucleus

(retrograde) communication, which itself has a major impact on nuclear gene expres-

sion [48].

GNC, RCB, HEMERA and one CIA2 homolog were found to coincide in expression

with the plastid expansion phase (Fig. 6a; for RCB see Fig. 5e). HY5 was expressed early

but peaked in expression at the plastid/chloroplast growth transition stage, which oc-

curs approximately at the stage of leaf emergence from the translucent coleoptile into

full light (Fig. 6a). Two GLK1 homologs exhibited elevated expression during the

chloroplast greening phase, consistent with their known targets, although GLK1_2 also

showed a degree of both early and very late expression, possibly suggestive of further

plastid development and chloroplast resource mobilization roles. Only a second CIA2

homolog (which we name CIA2_2) and NCP exhibited expression potentially associated

with the very active plastid proliferation and growth phase (Fig. 6a).

Of interest, the central “retrograde” communication gene GUN1 was maximally

expressed at the transition stage between the plastid and chloroplast phases (Additional

file 1: Figure S8). GUN1 encodes a pentatricopeptide repeat (PPR) protein. Members of

the PPR family are involved in RNA editing, turnover or other processes of metabolism

of RNA for components of the translation machinery, as PPR5 or PPR103, or for indi-

vidual subunits of photosynthetic complexes, as HCF152 or PPR10 [49] or for both

kinds of proteins as PGR3 [50]. The profiles of these PPR genes reflected those func-

tions, but that of GUN1 at the transition stage was unique among them (Additional file

1: Figure S8), and this may have implications for our understanding of its biological

role.

Light-dependent chloroplast development is also known to involve the inactivation of

PIFs, transcription factors of the bHLH superfamily and negative regulators of chloro-

plast development in the dark, which are rapidly turned-over in the light [51, 52]. Hom-

ology searches to known monocot PIFs [53] identified five sets of wheat homoeologous

genes, homologous to either PIF1 or PIF3. Their expression (Additional file 1: Figure

S9a) was largely restricted to samples 6 onwards (over 20 mm from the meristem),

mostly during the chloroplast growth phase. The exception was PIF3.2, whose expres-

sion was limited to the plastid phase (Additional file 1: Figure S9a). Other indirect

negative regulators of light responses are the COP1 and DET1 genes, COP1 protein be-

ing involved in the turnover of positive regulators like HY5 in the dark, or negative reg-

ulators like PIF1 in the light [53]. DET1 exhibited a late plastid-phase expression, also
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Fig. 6 Gene regulatory network-predicted extent and limitation of known candidate regulators. a
Expression (Z-score) of previously known candidate nuclear positive transcriptional regulators of plastid or
chloroplast development. The region of transition between the plastid and chloroplast growth phases is
shown as a gray band. The individual genes are listed in Additional file 5: Table S4. b Expression of all DYGs
for chloroplast-targeted proteins (see “Methods”), displayed according to WGCNA modules as identified in
Fig. 2c. Terms on the right show typical overrepresented gene ontology terms for the function of genes in
the module. Bars at the bottom refer to the organelle development processes established in Figs. 4 and 5. c
GENIE3-generated gene regulatory network providing best-estimate links (or their absence) between
previously known chloroplast-related positive transcriptional regulators (a) and DYGs encoding chloroplast
proteins (b); the color scale indicates regulatory ranking, gray indicating absolute lack of predicted
regulatory association. The separate columns represent the independently computed values for the
different homeologs (in most cases three) of each candidate regulator
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the time of maximal plastid growth, while that of COP1 was chloroplast-phase-specific

(Additional file 1: Figure S9a).

We examined whether the candidate transcriptional regulators could be associated

with the gene expression program underpinning chloroplast biogenesis. To this end, we

sought a prediction of potential links between target genes (all genes for plastid-

localized proteins) and their candidate regulators using a computational algorithm. We

first assembled the target list by filtering the DYGs (Fig. 2c) for those encoding proteins

with a predicted or previously observed plastid localization (Fig. 6b, Additional file 1:

Figure S9b, Additional file 6: Table S9, see “Methods”). We then used GENIE3, a top-

performing gene regulatory network reconstruction tool employing a random forests al-

gorithm [54] to select the most likely candidate regulator from among the above known

regulatory genes. We did this together for all candidate regulators, but visualized the

result separately for positive and negative ones, as heatmaps of rankings of association

calculated by GENIE3, rather than as a classic network. This was because the heatmap

display better reflects both possible outcomes, presence or absence of connectivity be-

tween target and regulator. Figure 6c represents for candidate positive regulators the

result, in which the color reflects the likelihood of regulation of a gene for a chloroplast

protein in the corresponding row in Fig. 6b, by the regulator in the corresponding col-

umn in Fig. 6c. This result (see also Additional file 7: Table S10) predicted substantial

roles for RCB and also (unexpectedly) GLK1_1 homologs during the plastid build-up

stage, for HEMERA to the large group of genes which includes, among others, those

for plastid ribosomal proteins, and again for GLK1_1 during the chloroplast build-up

stage. It also showed very limited connectivity for the only candidates with early

expression, homologs of CIA2 and NCP, or for any other candidate regulators, to genes

active during the early stages of plastid build-up, for example when proliferation occurs

(Fig. 6c). As for potential negative regulators (Additional file 1: Figure S9c), if consid-

ered taking into account the fact that the regulatory role would be repressive, the result

pointed to only a low ranking role for PIF3.2 in the plastid build-up phase.

Discussion
The analysis of the developing cereal leaf has been a powerful approach to reveal early

events in cellular and organelle differentiation [10–13, 55]. Our study has generated the

first detailed gene expression map to date of the developing leaf of wheat, one of the

world’s most important three crops. It has also produced a dataset of (1) unprecedented

resolution, when compared to previous monocot leaf gene expression analyses, and (2)

unique content, because of its combined transcriptomic and quantitative cellular ana-

lyses. This approach has allowed us to observe from the earliest stages of mesophyll cell

differentiation up until the fully mature stages as a continuum. Simultaneously, we

characterized the evolution of the chloroplast compartment from proplastids in meri-

stematic cells until fully developed chloroplasts. Capturing early stages of leaf develop-

ment has been instrumental to uncover the complexity of the plastid phase before

greening, and distinguish this from the subsequent, more easily observable second

phase of green chloroplast differentiation.

While a notion of two distinct stages of chloroplast development has been put for-

ward previously [56], this referred to greening of an Arabidopsis single-cell culture

upon transfer to light, which resulted in two waves of photosynthetic gene expression.
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The two phases identified in our leaf developmental study are clearly distinct, encom-

passing an early plastid multiplication and establishment phase, prior to the second

chloroplast build-up stage which involves photosynthesis-related genes. A very recent,

and elegant, structural and biochemical analysis of greening chloroplasts of Arabidopsis

cotyledons in the light has also observed two distinct phases [57]. However, these in-

volved a plastid “structure establishment” stage followed by a chloroplast greening one,

during which the bulk of organelle proliferation also occurred. Therefore, the greening

of previously dark-grown, etioplast-filled but unexpanded cotyledon cells involves a

somewhat distinct sequence of processes to that we observe here, with the processes

we observed in the developing wheat leaf arguably being more representative of the

bulk of photosynthetic differentiation in nature. Based on gene expression signatures,

elements of the first phase of plastid development have been observed, by a study of

consecutive emerging leaves, in plastochron stage 4 of very young rice plants [58]. Our

data demonstrate the very early occurrence of plastid proliferation, at the beginning of

the plastid phase, and they further show that build-up of the chloroplast translation

machinery spans the plastid and chloroplast stages. The key significance of our study is

the comprehensive identification of processes contributing to the build-up of the

chloroplast compartment, to facilitate linking these to known—and enable to search for

novel—regulators.

Events in cellular and organellar life history

It is possible, considering both published data and our analyses, some of which place

them in a global leaf developmental context at high resolution, and some of which pro-

vide completely novel insights, to recount a cellular life history which accounts for the

events encompassing proliferation, differentiation and the development of chloroplasts

(Fig. 7). In meristematic cells recruited into leaf primordia in the shoot apex, the cellu-

lar resources are predominantly invested into transcriptional regulation, cell prolifera-

tion and protein synthesis to drive cytoplasmic growth. The cell cycle is most active in

these cells, and it operates at essentially its fastest possible rate. Once part of the elong-

ating first leaf, major investment continues on transcriptional control processes and

protein synthesis, as large-scale analyses observed in maize and rice [10, 11, 13] while

proliferation of those progenitor cells, previously quantified in wheat and barley [5, 6,

14] gradually ceases within 24 h, in the first 10 mm at the leaf base. During this period,

only one to two rounds of cell cycling take place on average. In these meristematic

cells, very small proplastids are present and are proliferating extraordinarily rapidly

and, in accordance with previous observations, both plastidial genome copies [14] and

ribosomes [5, 11] accumulate to detectable levels.

The transition from cell cycling to cell expansion and plastid growth can be described

as a transition from proliferation to cell differentiation (Fig. 7). It coincides remarkably

well with the loss of phosphorylation of the core cell cycle negative regulator, RBR. As

cells exit the cell cycle after about 1 day (still between 5 and 10 mm), cell expansion

and the first phase of organelle growth—the “plastid” phase—become very significant.

Plastids continue proliferating very rapidly. For example, between samples 2 and 3,

whose difference in midpoint cell age is estimated as 8 h, two rounds of organelle div-

ision took place (plastid number multiplied by four). This reminisces of the fact that
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Fig. 7 Summary of process underlying cellular and plastid or chloroplast differentiation. Summary of
elementary biological processes involved in cell (top) and plastid/chloroplast biogenesis (middle), shown on
scales representing the physical position along the leaf, the calculated cell age and the sampling strategy
employed by this study. Bar thickness approximately represents the measured magnitude of the process or
the average expression level of the participating genes. The bottom panel represents the region of
predicted action of the known candidate transcriptional regulators (with one negative regulator
distinguished by a gray box), and highlights their absence at the initial stage
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plastid division shares many characteristics with cyanobacterial division, of much

shorter duration than eukaryotic cell division. At this stage, plastids are replicating their

DNA [5, 6] and also growing rapidly in individual size, presumably by importing cyto-

plasmically translated proteins for pre-photosynthetic functions [11]. Indeed, plastid

protein translocon genes peak in expression at this time, even though their products

will also continue to play an essential role later on. The nuclear-encoded chloroplast

development regulators RCB [39] and GNC [45] are expressed at this time; however,

computational network analysis pointed also to an early role for a GLK homolog. Tran-

scription in plastids, primarily of genetic machinery components as observed in barley

and maize [7, 9], is first carried out by the nuclear-encoded RPOTp—any assembled

plastid-encoded polymerase awaiting until the subsequent incorporation of its early

sigma factors—at a time when their ribosomal RNAs are also rapidly building.

After 20 mm, between 1 and 1.5 days, when the exit from the cell cycle and the tran-

sition to differentiation is complete (Fig. 7), cells have already achieved nearly 50% of

their final size, the peak in the plastid number signals the end of their division, but the

“plastid build-up” phase continues unabated. Individual plastids are less than 20% of

their final size, and greening only at 10% of its final value. As cells increase in size and

remodel their cell walls, copies of the plastid genome and plastid ribosomes continue

to accumulate rapidly, consistent with observations in maize showing chloroplast trans-

lation becomes a more substantial component of total cellular translation capacity [9].

Nevertheless, plastid growth decelerates. Nuclear regulatory function was computation-

ally predicted for the light signalling-related HEMERA [43] and HY5 [42], while action

of one PIF3 homolog expressed early might act here to prevent the premature initiation

of greening [52, 53] unless under full light exposure. Expression data indicate that the

primary role in plastid transcription of the nucleus-encoded RPOTp is gradually re-

placed by the plastid-encoded polymerase under the control of early sigma factors.

Here forth, both plastid RNA polymerases act simultaneously, albeit the primary role is

carried out by the plastid-encoded polymerase, as confirmed by observations in barley

[38]. This is probably the point of highest overall plastid transcription capacity [6, 9],

with transcripts for genetic machinery components further being preferentially trans-

lated [9].

As cells reach between 30 and 35mm, less than 2 days after they became part of the

developing leaf (Fig. 7), plastid DNA and ribosomes have reached more than 50% of

their maximum value, but plastid growth becomes minimal. This sees the end of the

plastid growth phase. The number of plastids per cell at this point shows a gradual,

small but consistent decrease, which we cannot at present explain. This can be consid-

ered a transition stage, characterized by the intermediate sigma factors and preceding

the bulk of greening, as seen by global analyses in maize and rice [10, 11, 13]. Interest-

ingly, loss of the Arabidopsis homologs of only the intermediate wheat sigma factors,

SIG2_2 and SIG6, peaking at the start of the chloroplast stage, results in reduced green-

ing in Arabidopsis [59], while loss of other sigma factors can be compensated for. Also

interestingly, this is the stage of peak expression of the plastid envelope-bound SP1 ubi-

quitin ligase, which remodels the outer envelope translocon complexes, of HY5, and of

GUN1, involved in reporting plastid status to the nucleus.

Post-transition, over the following 2 days, the bulk of cellular activity appears focused

towards developing the photosynthetic apparatus, a “chloroplast build-up” phase [10–13].
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Three quarters of chloroplast growth and 85% of the total greening occur at this time.

Chloroplast transcription is associated with expression of late sigma factors and produces

[7, 9] and preferentially translates photosynthetic transcripts [9], as observed by analysis

of barley and maize. It is noteworthy that such late sigma factors are those which respond

to blue light (SIG5) or redox signals (SIG1) modulating photosynthetic chloroplast com-

position in response to the environment [60]. At the same time, thylakoid and photosyn-

thetic component transcripts of nuclear-encoded genes also rapidly accumulate, their

expression coinciding with that of GLK [41, 61] transcription factors.

To support or rule out the distinct stages of chloroplast biogenesis, we examined the

levels of proteins that can be linked to the “plastid build-up” (proliferation, establish-

ment of genetic machinery, establishment of protein import capacity) and the “chloro-

plast build-up” (photosynthetic development) phases. Of the six proteins selected, five

exhibited profiles which closely matched those of their transcripts, and one continued

to be present, and presumably active in protein import, as greening occurred, even

though its transcript levels decreased. Overall, the protein profiles were consistent with

the organelle developmental phases based on transcript accumulation profiles. This is

not surprising, given that good correlations have been previously observed between

transcript and “weighted” protein profiles for developmental or photosynthetic func-

tions [62, 63].

Regulatory genes of organelle development

Having established distinct phases and underlying processes contributing to chloroplast

build-up, we set out to link these to regulators. Recently, a very large gene regulatory

network was generated using the GENIE3 algorithm [54], based on transcription pro-

files of 800 samples from wheat [17]. We examined a subnetwork of this that included

only plastid-targeted proteins, but failed to observe substantial links with our selected

regulatory genes, for which there is prior evidence for plastid development functions.

This highlights the limited suitability of existing gene expression profile data (largely fo-

cused on adult organs or on optimal or stress conditions) to link our cohorts of genes

with their regulators. Identification of transcription factors capable of acting as “master

switches” of chloroplast development [8, 64] would constitute an achievement of far-

reaching consequences and is one of our ultimate experimental goals. Expression pro-

files such as those we generated here, which represent a timeline of combined cellular

histories, might represent a better approach in the search for regulators. Our results,

interestingly, suggested substantial potential roles for transcriptional regulators previ-

ously identified through their involvement in light signalling, RCB and HEMERA, in

addition to the GLKs, plus a negative role for PIF3, in the emerging leaf region in

which light exposure, even under continuous light, could have been limited. They also

highlighted our sparse knowledge of, particularly, the control mechanisms of early plas-

tid development. Other than the factors referred above, CIA2 [47] was identified

through its role in the expression of protein import genes and further found to activate

ribosomal components. Of two CIA2 homologs in wheat, one exhibited early expres-

sion coinciding with the onset of the plastid growth phase, although computational ap-

proaches predicted connectivity to very few genes for plastid-targeted proteins at this

stage. The algorithm predicted connectivity of one GLK1 to more genes but of weak
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strength at this stage. A cia2 Arabidopsis mutant shows only a mild phenotype, which

suggests that master regulators initiating chloroplast development by triggering plastid

build-up almost certainly await identification.

In a global context, a combination of stagnating yield increases, rising population,

changing diets, expanding climate-related environmental stresses and the need to

limit environmental impacts of agricultural inputs, all combine to create a perfect

storm for future human food supply [65]. It has been argued that an improvement

of photosynthetic yield, even by synthetic means, is one of the few remaining strat-

egies for tackling this enormous challenge [66]. Understanding the development of

the photosynthetic apparatus not only will unravel a fundamental biological

process, it is also essential to address such a challenge. The data we present here

could help accelerate achieving this goal.

Methods
Plant material and growth conditions

Triticum aestivum var. Chinese Spring WPGS 6265, line L42 (John Innes Centre Germ-

plasm Resources Unit) was utilized. Seeds of similar size were surface sterilized for 10

min with 90% ethanol, rinsed 5 times with sterile distilled water. They were stratified

for 3 days at 4oC, placed on soil and covered with a 1-cm top layer of vermiculite. Seed-

lings were grown at 23 °C, 60% relative humidity under constant light (285–395 μmol

m−2 s−1) provided by a combination of white fluorescent lamps (TLD 840), red and blue

LED (Sonlight, Italy).

Sample collection

Samples were collected from 6-day-old seedlings at a time when the first leaf (170

mm) showed no sheath and a barely detectable transparent ligule at ca. 8 mm from

the leaf attachment point at the base. The seedlings were detached right at the

point of seed emergence, and the enclosing coleoptile (35 mm) was removed by

gently unrolling, with care to not damage leaf 1. Similarly, leaf 1 was separated

from the developing second leaf (85 mm) which had enclosed an emerging leaf 3

primordium (ca. 1.5 mm in length). The emerging leaf 3, embedded plastochrons 1

and 2 and the shoot apical meristem (ca. 300 μm in height) combined served as

sample 1. The above steps were carried out under a stereomicroscope (SMZ-2 T,

Nikon, Japan). Leaf primordia and shoot apical meristem were observed using

Nikon SMZ-1500 and Leica (Switzerland) EZ4 HD microscopes. The 6-day-old leaf

1 produced 13 samples (sections 2 to 14) covering various developmental stages of

which 2 to 9 contained consecutive 5 -mm sections, while samples 10 to 14 were

discontinuous and 10 mm each. A fully mature sample 15 (20 mm) was collected

from the midpoint of 14-day-old leaf 1, grown from the same batch, shortly before

senescence began to appear at the leaf tip.

Cell cycle analysis

Plant tissue was finely chopped using Wilkinson blades by adding an appropriate

volume of lysis buffer (Partec cystain UV precise P Solution 1, Sysmex, Germany) and

stained with DAPI (Partec cystain UV precise P Solution 2). The lysis mixture was
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passed through a 20–30-μm filter (CellTrics, Sysmex) and run through the flow cyt-

ometer (Sysmex CyFlow® Space, Sysmex). DNA content (2C or 4C) was determined by

counting a minimum of 10,000 nuclei per sample. Frequency histogram outcome was

fit into the cell cycle analysis tool of the instrument’s software to obtain the percentages

of cell cycle phases.

Cellular microscopy

Chloroplast quantitation was performed by modifying the previously published protocol

[67]. The leaf samples were fixed (3.5% (v/v) Glutaraldehyde and 0.05% (v/v) Tween 20)

for 1 h in the dark including vacuum infiltration for 5 min at 500 mBar (DNA Mini vac-

uum centrifuge) after every 30 min. The fixative was replaced with EDTA solution (100

mM, pH 9), and samples were incubated overnight at 65 °C and stored at 4 °C. Micros-

copy slides were prepared with a small amount of tissue selected from the midpoint of

every section and mounted in 50% (v/v) glycerol. The mesophyll cells were observed

under a Nikon Optiphot-2 microscope, focussed under the × 40 (Plan Fluor) objective

to perform quantitative measurements using Nomarski optics. Data were collected live

at × 40 magnification using a MicroPublisher 5.0 RTV (QImaging, Canada) camera and

NIS-Elements AR 2.30 (Nikon) software. The cell size, plastid size and count were de-

termined live by the inbuilt area and count tools. Total chloroplasts were deduced by

live counting on different planes, completely moving out of focus and slowly focussing

inwards (until the last plane, losing the focus again) marking only visible plastids in dif-

ferent planes [30]. We noted this method to yield a higher total number of plastids than

those observed at a single plane by captured, single photographs [14, 16].

Fluorescence microscopy samples were fixed as above and immersed (2 min) in the

DNA-binding 4′,6-diamidino-2-phenylindole (DAPI, Partec cystain UV precise P Solu-

tion 2) dye and mounted in the same solution. Mesophyll cells were visualized under a

Nikon H600L Eclipse 80i fluorescence microscope, using × 60 Plan Apo oil immersion

objective, UV excitation and blue emission filters.

Extraction of nucleic acids

The DNA and RNA were simultaneously extracted from the same samples using

NucleoSpin kit (Macherey Nagel, Germany). The frozen wheat sample was homoge-

nized in two steps with a metal pestle fixed to a mechanical drill and Ultra Turrax

(IKA, UK) homogenizer after adding the lysis buffer. The concentration of purified

DNA was measured using the NanoDrop™ 1000 Spectrophotometer (Thermo, UK).

Chloroplast genome quantitation

Chloroplast genome copy numbers were determined by quantitative PCR (Rotor-Gene

Q real-time PCR cycler, Qiagen, UK) using the SyGreen Mix Lo-ROX (PCRBiosystems,

UK). Primers (Additional file 5: Table S5) used for the quantitation of plastid genomes

were designed in the matching sequence of two available wheat chloroplast genomes

[68, 69]. Standard curves were prepared with known concentrations (25 pg/μl to 0.0025

pg/μl) of purified (QIAquick kit, Qiagen) PCR-amplified products representing two nu-

clear single-copy genes—TaKO1 and TaKS (of A, B and D genomes selected from

NCBI, Ensemble Plants and aligned in Clustal Omega) and three chloroplast genes
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(rbcL—large single-copy region, ndhD—small single-copy region and rps7—inverted re-

peat region, Additional file 1: Figure S6). The qPCR was performed with the DNA sam-

ples (diluted 10-fold for nuclear genes and 100-fold for the plastid genes) alongside the

standards. Absolute plastid DNA copies were measured per haploid nuclear genome

against standard curves of purified PCR products for each target gene by taking the

mean values of three chloroplast genes and two nuclear single-copy genes [(rbcL +

ndhD + (rps7 / 2)) / 3] / [(TaKO1 + TaKS) / 2].

RNA quality

The concentration and quality of RNA were measured with an Agilent (UK) 2100 Bioa-

nalyzer and Agilent Expert software [70]. A total of 7 μg high-quality RNA (RNA integ-

rity number 8-10) was mixed with the matrix of RNA stable tubes (Sigma) and dried at

room temperature by vacuum centrifuge for 2–3 h. Dry RNA tubes were left in a desic-

cator with silica gel for 2 days, sealed in moisture barrier bags (Sigma) and submitted

for sequencing.

RNA sequencing

The RNA-Seq analysis was performed with three biological replicates per sample: sam-

ple 1-sample 15 (see “Sample collection”). The libraries for stranded RNA sequencing

were constructed using the TruSeq Stranded mRNA Sample Preparation Kit (Illumina)

according to the manufacturer’s instructions and assessed using an Agilent (UK) 2100

Bioanalyzer. The library clonal clusters were generated by using a cBot with the TruSeq

PE Cluster Kit (Illumina), and sequenced by using the TruSeq SBS Kit (Illumina) and

the paired-end sequencing method to obtain 2 × 100 bp paired-end reads. The RNA-

seq reads were quality checked and trimmed by using Trimmomatic (v0.36) [71] with

the LEADING:20, TRAILING:20 and MINLEN:36 parameters, and mapped to the ref-

erence sequence assembly of Chinese Spring bread wheat (IWGSC RefSeq v1.0 assem-

bly) [19] with bwa-mem (0.7.17-r1188) [72]. The read counts data were generated using

featureCounts (v.1.5) (http://bioinf.wehi.edu.au/featureCounts/) with the HC dataset of

IWGSC Refseq v1.1 annotation (iwgsc_refseqv1.1_genes_2017July06), and normalized

based on reads per million (RPM).

Transcriptome analysis

Wheat genes representing RPM ≥ 1 in all three biological replicates from at least one

sampling time were defined as expressed genes; those genes were used to assess the

transcriptome differences across the samples by a principal component analysis (PCA)

plot. Top and bottom 5% of genes sorted by factor loading of each principal component

in the PCA were used in gene set enrichment analysis (GSEA) with the gene ontology

(GO) terms, and the GSEA results were summarized by using the REVIGO web server.

Based on the averaged RPM of three biological replicates, wheat genes with RPM ≥ 5

for at least one sample, and a fold change during the time course (maximum RPM/

minimum RPM) ≥ 2, and coefficient of variation ≥ 0.2 were defined as dynamically

expressed genes (DYGs) in the transcriptome dataset; the Z-scored RPM data of the

DYGs were used for co-expressed gene analysis by using weighted correlation network

analysis (WGCNA (v.1.63)) with soft threshold = 14. The gene sets of each WGCNA-
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based co-expressed gene module were used for gene set functional enrichment analysis

based on the functional annotation of the closest homologs in Arabidopsis [22] by the

hypergeometric test using the phyper function of R.

Functional gene annotation

The representative deduced protein sequences in the HC dataset of IWGSC Refseq

v1.1 annotation were used to search for their closest homologs in Arabidopsis genes by

identifying the highest hit of BLASTP search (e-value < 1e−5) against the representative

protein dataset in TAIR10. The chloroplast protein genes in wheat were predicted

based on the homology to Arabidopsis genes whose annotation of subcellular

localization is “plastid” by any of the following: “predicted by SUBA consensus” or “ex-

perimentally inferred by fluorescent protein and simultaneously plastid protein location

according to either TAIR10, SwisProt or AmiGO” or “experimentally inferred by mass

spectrometry by at least two different experiments” in the SUBA4 database (https://

suba.live/aboutSUBA4.html). Overrepresented functional class GO terms in each mod-

ule was assessed as that of the corresponding Arabidopsis homologs using BINGO [73].

Gene regulatory network inference

Gene regulatory network (GRN) inference was performed using the R package GENIE3

[54], which can infer GRNs using a decision tree-based machine learning algorithm

based on gene expression data. The GRN associated with chloroplast-related genes in

wheat was constructed with the expression datasets of the DYGs of wheat genes hom-

ologous to the chloroplast-localized Arabidopsis genes as targets and those homologous

to CIA2, GLK1, GNC, HY5, RCB/SVR4, NCP and HEMERA in Arabidopsis, and to

PIFs in rice and maize, as regulators.

Reverse transcription and plastid ribosomal build-up

The total RNA (1 μg) was reverse-transcribed using Maxima cDNA synthesis kit

(Thermo Scientific) by adding a specific primer (0.1 pM) that recognizes both 16S

rRNA (plastid rRNA) and 18S rRNA (cytosolic rRNA), along with the kit’s oligo-dT

and random hexamers to ensure unbiased reverse transcription. The cDNA samples

were run alongside purified PCR products used as standards (over four orders of mag-

nitude). The ratio of absolute amount of 16S rRNA and 18S rRNA was used to measure

the plastid ribosomal build-up. The primers used for reverse transcription and PCR/

qPCR analysis are listed in Additional file 5: Table S5. In addition, the plastid ribosomal

build-up was also analyzed by the area of RNA electropherogram peaks (measured on

ImageJ) produced by the Bioanalyzer. The ratio of total 16S rRNA and 18S rRNA peaks

was used to quantify plastid ribosomal capacity (displayed in Fig. 4i). Both methods of

plastid rRNA quantitation provided very similar results, demonstrating that the major-

ity of organellar, total 16S rRNA is plastidic.

Chlorophyll quantitation

Chlorophyll content along the developing leaf was measured following published

methods [74] using Thermo Scientific Heλios-β spectrophotometer. The amount of
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chlorophyll (μmol) per gram fresh weight was measured in triplicate samples, each con-

taining material from at least 5 leaves.

Protein extraction and immunoblotting

Total proteins were extracted following a urea-based method followed by cold acetone

precipitation [75]. Leaf tissue was homogenized with the extraction buffer (1% SDS, 8

M urea) and the protein was allowed to precipitate for 2 h in cold acetone (dried using

molecular sieves 4A—Sigma—for at least the previous 24 h, at − 20 °C). The protein

pellet was dissolved in 8M urea solution (without SDS). Proteins were separated on the

SDS-PAGE gel and blotted onto nitrocellulose or PVDF membranes. Immunoblotting

was performed with the following primary and Alkaline phosphatase-conjugated sec-

ondary antibodies (Agrisera, Sweden): RCB/SVR4 (AS13 2725), DRP5B/ARC5 (AS12

2634), TIC40 (AS10 709), PsbO (AS06 142-33), LHCB1 (AS01 004), Histone 3 (AS15

2855) and goat-antirabbit secondary (AS09 607), or rabbit antichicken secondary

(A9171, Sigma, UK). The primary antibody against SBPase has been described [76].

Antibodies were used at 1:2000 dilution except for AS01 004 and AS15 2855 (1:2500),

in 5% blotto. AS12 2634 was prepared in 2% blotto and required long signal detection.

The signals were detected using sigmafast BCIP®/NBT substrate solution (Sigma).

For RBR and P-RBR, protein extraction and immunoblotting and the antibodies used

were as described [29], with one lane using Thermo Scientific™ PageRuler™ Plus Pre-

stained Protein Ladder.

Analysis of cellular and chloroplast quantitative data

The cellular quantitative data (cell area, chloroplast count and mean chloroplast area)

were obtained from at least three biological replicate sample sets, the exact numbers in-

dicated for each experiment. The details of the statistical calculations are listed in

Additional file 5: Table S6, and the R package scripts for boxplots are listed in

Additional file 5: Table S7. The effect of cell division on plastid counts per cell (one

division halving the average number of plastids per cell) was accounted for by applying

a correction factor. The correction factor was 2 (every cell doubles once) for the transi-

tion from sample 1 to 2, as described in the text. For the transition between subsequent

samples, the factor was calculated from the measured proportion of nuclei in S phase,

relative to that in sample 1, considering that, given the absence of endoreduplication,

every cell undergoing S phase would subsequently undergo mitosis. Cell age for the

midpoint of each sample was derived from published observations [15], corrected for

the measured rate of leaf elongation in our samples (44, 43 and 42mm/day on days 5,

6 and 7). Sample number, position, midpoint, calculated age and correction factors for

cell division (when needed for parameters changing on a per cell basis) are shown on

Additional file 5: Table S8.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/s13059-021-02366-3.

Additional file 1. Figure S1 to Figure S9.

Additional file 2: Table S1. Expression of all genes identified as dynamically expressed (DYGs). Absolute
expression, average of three samples, measured as reads per kilobase per million bases (RPMs) and relative
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expression as Z-score. The closest homologs of maize, rice, Brachypodium and Arabidopsis are indicated, as is the
expression module as identified by WGCNA.

Additional file 3: Table S2. Expression of all clustered genes representing individual functional classes, displayed
in Additional file 1: Figure S2. Absolute (measured as RPMs) as well as relative (Z-score) expression are provided.
For transcription, translation and protein fate classes, the subcellular localisation of the encoded protein is also
provided.

Additional file 4: Table S3. Expression of all clustered hormone signature genes displayed in Additional file 1:
Figure S3. Absolute (measured as RPMs) as well as relative (Z-score) expression are provided.

Additional file 5: Table S4. List of genes representative of key biological functions whose expression was
individually plotted in Figs. 3, 4, 5, 6 and Additional file 1 Figures 8-9. Table S5. Primers used for genome copy
number and rRNA quantitation. Table S6. Summary of quantitative cellular and other parameters and data analysis.
Table S7. R script used to generate box plots. Table S8. Correction parameters for cell age and mitosis.

Additional file 6: Table S9. Expression of genes for each of the 12 modules of DYGs for chloroplast-targeted pro-
teins, displayed in Fig. 6b. Absolute (RPMs) and relative (Z-score) expression are provided, as are overrepresented
biological function gene ontology terms for each module.

Additional file 7: Table S10. Regulatory weighting estimated by GENIE3, displayed in Fig. 6c and Figure S9. The
values represent the weighting of regulation between candidate transcriptional regulators and genes for
chloroplast-targeted proteins.
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