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Chloroplast biogenesis is a complex process that is integrated with plant development, leading to fully differentiated and

functionally mature plastids. In this work, we used electron tomography and confocal microscopy to reconstruct the process

of structural membrane transformation during the etioplast-to-chloroplast transition in runner bean (Phaseolus coccineus).

During chloroplast development, the regular tubular network of paracrystalline prolamellar bodies (PLBs) and the flattened

porous membranes of prothylakoids develop into the chloroplast thylakoids. Three-dimensional reconstruction is required to

provide us with a more complete understanding of this transformation. We provide spatial models of the bean chloroplast

biogenesis that allow such reconstruction of the internal membranes of the developing chloroplast and visualize the

transformation from the tubular arrangement to the linear system of parallel lamellae. We prove that the tubular structure of

the PLB transforms directly to flat slats, without dispersion to vesicles. We demonstrate that the grana/stroma thylakoid

connections have a helical character starting from the early stages of appressed membrane formation. Moreover, we point

out the importance of particular chlorophyll-protein complex components in the membrane stacking during the biogenesis.

The main stages of chloroplast internal membrane biogenesis are presented in a movie that shows the time development of

the chloroplast biogenesis as a dynamic model of this process.

INTRODUCTION

Chloroplast biogenesis is a complex process that is essential for

plant ontogenesis. It involves changes in gene expression to-

gether with the transcriptional and translational control of both

nuclear and plastid genes. These genes can be regulated by

anterograde and retrograde signals, the synthesis of necessary

lipids and pigments, the import and routing of the nucleus-

encoded proteins into plastids, protein-lipid interactions, the in-

sertion of proteins into the plastid membranes, and the assembly

into functional complexes (Vothknecht and Westhoff, 2001;

Baena-González and Aro, 2002; Kota et al., 2002; Stern et al.,

2004; López-Juez, 2007; Waters and Langdale, 2009; Solymosi

andSchoefs, 2010;Adametal., 2011;PogsonandAlbrecht, 2011;

Ling et al., 2012; Jarvis and López-Juez, 2013; Lyska et al., 2013;

Belcher et al., 2015; Börner et al., 2015; Dall’Osto et al., 2015; Ling

and Jarvis, 2015; Rast et al., 2015; Sun and Zerges, 2015; Yang

et al., 2015). Chloroplast biogenesis is highly integrated with cell

and plant development, especially with photomorphogenesis

(Pogson et al., 2015), and is controlled by cellular and organismal

regulatorymechanisms suchas the ubiquitin-proteasome system

(Jarvis andLópez-Juez, 2013). Althoughbiogenesis of chloroplasts

has been a subject of investigations for many years, the correlation

of simultaneous changes at the structural, biochemical, and

functional level was described only recently when time-dependent

models of chloroplast biogenesis for bean (Phaseolus vulgaris)

and pea (Pisum sativum) were described (Rudowska et al.,

2012).

The development of chloroplasts up to the stage of etioplasts

often takes place when seedling growth proceeds without light.

Etioplasts contain characteristic structures known as prolamellar

bodies (PLBs) that have tubules joined together in a regular

network and have a special paracrystalline symmetry. Together

with prothylakoids (PTs), flattened porous membranes, PLBs are

precursors of the chloroplast thylakoid membranes. PLBs are

observed under natural growing conditions when the first stages

of seedgerminationproceedunder thegroundandarenotartificial

laboratory phenomena (Solymosi et al., 2007; Solymosi and

Schoefs, 2010;Vitányi etal., 2013). Theparacrystallinestructureof

PLBs can differ depending on the species and the conditions of

PLBcrystallization. All typesof paracrystalline arrangements have

an exceptionally high surface-to-volume ratio (Gunning, 2001).

The formation of etioplasts in darkness, which have a character-

istic paracrystalline PLB, and their transformation upon expo-

sure to light has been documented since the 1960s (Gunning,

1965, 2001; Mostowska, 1986a, 1986b; Solymosi and Schoefs,

2010), but the spatial arrangement of these changes is still not

known.

Despite 60 years of studies, the true organization of the para-

crystallinemembranes in three dimensions has remained unclear.

Cubic membranes other than PLBs were described in different
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biological systems, especially in stressed conditions or virally

infected cells (Almsherqi et al., 2006, 2009; Deng et al., 2010).

However, this widespread phenomenon is poorly understood due

tohaving limited toolsavailable todepictperiodic arrangementsof

cubic membranes having a lattice constant in the range of 50 to

1000 nm (Chong and Deng, 2012). This makes electron tomog-

raphy (ET) an extremely valuable tool to study the nonlamellar

membraneconfigurations in cells.Complimentary investigation to

mathematically describe the spatial arrangement as a triply pe-

riodic minimal surface and compare the 2D transmission electron

microscopy (TEM) images with the 2D projections of these the-

oretical models has been quite useful (Deng and Mieczkowski,

1998). However, the ET technique is still required to confirm any

cubic membrane configuration predicted by the above direct

template matching technique (Chong and Deng, 2012). The

connections of the cubic structures with the adjacent tubular or

lamellar arrangements, and thus the spatial changes of the local

topologywithin theparacrystalline structure, aredifficult toproperly

predict. An alternative method applied to precisely determine PLB

tubule dimensions as well as the unit cell size, is small-angle x-ray

scattering. Small-angle x-ray scattering performed on isolated

maize (Zea mays) PLBs confirmed their paracrystalline structure,

with the diamond cubic lattice being the most abundant type. The

unit cell size was 78 nm (Selstam et al., 2007). However, the

dimensions of isolated structures and those in sliced tissue, i.e., in

situ performed by the ET technique, are difficult to compare.

In similar studies, ET was used to determine the cubic structure of

the inner mitochondrial membrane morphology in amoeba (Chaos

carolinens) upon starvation (Deng et al., 1999).

The paracrystalline nature of PLBs is thought to be due to

the aggregation of a complex containing protochlorophyllide

(Pchlide), light-dependent protochlorophyllide oxidoreductase

(LPOR), and NADPH (Pchlide-LPOR-NADPH) (Ryberg and

Sundqvist, 1982). Thespatial structurecanbeclarifiedbystudying

the mechanism of aggregation of such complexes and their in-

teractions with the membrane lipids (Mysliwa-Kurdziel et al.,

2013). Although PLB tubules contain more monogalactosyldia-

cylglycerol than PTs that facilitate cubic phase structure forma-

tion, both PLBs and PTs are composed from the same types of

lipids: monogalactosyldiacylglycerol, digalactosyldiacylglycerol,

sulfoquinovosyldiacylglycerol, and phosphatidylglycerol. Thus, it

appears that the lipid composition is not a critical factor and that

proteins appear to play an important role (Selstam, 1998). It is

known that integralmembraneproteinshaveastabilizingeffect on

the bilayer membrane even in the presence of purified nonbilayer

lipids (Rietveld et al., 1987). This is probably due to a strong in-

teraction between the hydrophobic region passing through

the membrane and the hydrophobic tails of the lipid molecule

(Taraschi etal., 1982).Proteinsarealsoconsidered tobe important

in vitro for transforming nonbilayer lipids into the lamellar structure

(Simidjiev et al., 2000). The role of the large pigment-protein

complex Pchlide-LPOR in the formation of PLB membranes with

a cubic phase structure is probably due to the ability of this

pigment-protein complex to form an oligomer and to anchor the

LPOR protein into the membrane (Selstam, 1998). Moreover, the

proper composition of carotenoids in thePLBmembrane canplay

an important role in the formation and maintenance of its para-

crystalline structure (Park et al., 2002).

PLBs contain two spectral forms of the Pchlide-LPOR com-

plexes with absorption maxima at ;640 and 650 nm (Selstam

et al., 2002). These two Pchlide forms are photoconvertible. An

analysis of low-temperature fluorescence (77K) spectra has re-

vealed one more type of Pchlide: the nonphotoconvertible form

Pchlide 628-633 (Böddi et al., 1998). The longerwavelength forms

areboundtoPLBs,while thisshorterwavelength form,unboundto

LPOR, is mainly found in PTs. In addition to LPOR, PLBs contain

enzymes of the chlorophyll and carotenoid biosynthesis path-

ways, enzymes of the Calvin cycle, and proteins involved in

photosynthetic light reactions (subunits of ATP synthase, the

oxygen-evolving complex, cytochrome b6f, plastocyanin, and

ferrodoxin-NADPHoxidoreductase) andother proteins necessary

during photomorphogenesis with the exception of the core

subunits and the antenna complexes of the two photosystems

(vonZychlinski et al., 2005;Kleffmannet al., 2007;Blomqvist et al.,

2008; Adam et al., 2011).

Upon illumination, the photomorphogenic process called

greening or deetiolation takes place and etioplasts develop into

chloroplasts (Ryberg and Sundqvist, 1982; Mostowska, 1986a;

Von Wettstein et al., 1995). During this process, PLBs begin to

both disperse and transform, and Pchlide is phototransformed to

chlorophyllide (Chlide). In angiosperms, LPOR, the major protein

of PLB membranes, is responsible for the NADPH-dependent

reduction of Pchlide to Chlide during illumination (Selstam et al.,

2002). Recently it was shown using isolated wheat (Triticum

aestivum) PLBs that the photoreduction was followed by the

disruption of the PLB lattice and the formation of vesicles around

thePLBs.Data on isolatedPLBsobtainedbyTEMwere correlated

with atomic force microscopy results (Grzyb et al., 2013). The

release of Chlide from a Chlide-LPOR complex leads to the

degradation of the paracrystalline PLB structure (Selstam et al.,

2002).

In the case of meristematic tissues, chloroplast development

proceeds mainly from a proplastid (Charuvi et al., 2012). In this

case, the thylakoidmembrane is formed by invaginations of the

inner chloroplast envelope. In the differentiated chloroplast,

however, the vesicle-based transport system dominates (Rast

et al., 2015). If a proplastid develops into an etioplast in

darkness but later the PLB transformation takes place upon

illumination, the structural changes differ from those in meri-

stematic tissues. In this case, the transfer system for the newly

synthesized lipids and proteins into the forming thylakoids can

be similar to that occurring during the direct development of

a proplastid into a chloroplast (Rast et al., 2015). However, it

is still not clear whether the degrading PLB transforms into

thylakoids continuously or through the formation of vesicles

(Rosinski and Rosen, 1972; Adam et al., 2011; Grzyb et al.,

2013; Pribil et al., 2014).

Eventually, the tubular system of PLBs transforms into a linear

system of lamellae arranged in parallel to each other, and the first

grana appear as overlapping thylakoids. Finally, fully developed

chloroplasts have the internal membrane system differentiated

into stacks of appressed thylakoids and nonappressed regions

with grana margins as well as stroma lamellae linking grana to-

gether. The structure of mature thylakoids is determined by the

lipid composition and arrangement of chlorophyll-protein (CP)

complexes, hierarchically organized in supercomplexes and
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megacomplexes, andspatially segregated (Dekker andBoekema,

2005;Kou�ril et al., 2012;Rumaket al., 2012). Themain component

of the appressed regions is photosystem II (PSII), forming to-

gether with extrinsic antennae light-harvesting complex II

(LHCII) supercomplex LHCII-PSII, while the light-harvesting

complex I-photosystem I supercomplex (LHCI-PSI) is local-

ized in nonappressed thylakoids (Danielsson et al., 2004, 2006).

The organization, composition, dynamics, and structural re-

arrangements of the developed photosynthetic apparatus of

higher plants under changing light conditions have been ex-

amined with high-resolution microscopic techniques and by

spectroscopic and biochemical methods (Nevo et al., 2012;

Janik et al., 2013; Garab, 2014; Jensen and Leister, 2014; Pribil

et al., 2014).

Spatial models of the thylakoid membrane architecture were

created with the help of ET in the case of fully mature higher

plant chloroplasts (Shimoni et al., 2005; Daum et al., 2010;

Austin and Staehelin, 2011) and Chlamydomonas reinhardtii

chloroplasts (Engel et al., 2015). The most probable model of

thylakoid membrane organization is based on the pioneering

results of Paolillo (1970). This is a modified helical model of

chloroplast membranes that shows an imperfect regularity

(Mustárdy et al., 2008; Daumet al., 2010; DaumandKühlbrandt,

2011) and a large variability in size of the junctional connections

between thegrana and stroma thylakoids (Austin andStaehelin,

2011).

Although the 3Dviewof the overall structure of chloroplasts has

been already presented based on confocal laser scanning mi-

croscopy (CLSM) (Rumak et al., 2010, 2012) and on 3Dmodels of

the thylakoidmembranearchitecture ofmature chloroplasts using

ET (Shimoni et al., 2005; Daum et al., 2010; Austin and Staehelin,

2011), a 3D membrane visualization during the etioplast-to-

chloroplast transitioncangive importantdevelopmental information.

Without this full 3D information, it is not possible to understand the

process of the transformation of the membrane structure during

the chloroplast biogenesis.

In this article,weestablish thespatial 3Dstructureof successive

stages of runner bean (Phaseolus coccineus) chloroplast bio-

genesis byETandbyCLSM.We reconstructed theparacrystalline

structure and the membrane connections within the PLB and the

gradual transformation from a tubular arrangement to the linear

one during the greening process. Moreover, we present the early

stages of grana formation, especially the character of the grana-

stroma thylakoid connections. We reconstruct the spatial struc-

ture of the internal plastid membrane using ET, with the aid of

CLSM in later stages. This enables visualization and, thus, an

understanding of the membrane connections during the key

stages of chloroplast biogenesis. We correlate the 3D structure of

PLBs and of the developing bean thylakoid network with the

formation of CP complexes.

The results of our studies show that the transformation of

PLBs consists of the untwining of tubules from the PLB

structure in a continuous process. The tubular structure of the

prolamellar body transforms directly, without dispersion into

vesicles, into flat slats that eventually, in a continuousway, form

grana. We demonstrate that grana membranes, from the be-

ginning of their formation, associate with stroma thylakoids in

a helical way.

RESULTS

Spatial Model of Chloroplast Biogenesis

To determine the spatial structure of successive stages of bean

chloroplastbiogenesisduring threeday/nightcycles,bothCLSMand

ETwereused.Previous results fromultrastructural analysis indicated

that starting from 8-d-old etiolated plants, chloroplast development

proceeds synchronously in all plastids (Rudowska et al., 2012).

To establish the sequenceof structural changesof the thylakoid

networkduringchloroplastbiogenesis,we followed theprocessof

biogenesis step-by-step from the paracrystalline structure of PLB

to the stacked membranes observed in the ultrastructure of bean

chloroplasts. For the ET analysis, seven stages of plastid internal

membrane arrangements were selected during the photomor-

phogenesis, as described in Methods (Supplemental Figure 1).

We focused, on one hand, on areas of membrane connections

within tightly organized tubular PLB structure and grana thyla-

koids, and on the other hand, on areas of loosely organized

structure with transforming PLBs with newly formed thylakoids.

3D modeling was performed from the stage of paracrystalline

structure of PLB to the stage of reorganization into first appressed

thylakoids and formation of more developed grana.

Reconstruction of the very early stages of chloroplast de-

velopment by CLSMwas not reliable due to the small dimensions

and lack of red chlorophyll fluorescence in early developmental

stages. Because of this, the images of the etioplast internal

membranes obtained with CLSM were not comparable with rel-

evant structuresonelectronmicrographs.Moreover, the lipophilic

dye [DiOC18(3)] that was used in these early stages did not in-

corporate uniformly into the tight paracrystalline and transforming

PLB membranes, causing imaging artifacts. Therefore, spatial

models obtained from CLSM were used only in the two latest

analyzed stages of biogenesis, when the chlorophyll auto-

fluorescence of PSII was sufficiently stable and the dimensions of

chloroplasts were large enough.

Stage 1.0: Paracrystalline Prolamellar Body

Eight-day-old etiolated bean leaves have etioplasts with char-

acteristic paracrystalline prolamellar bodies, as was already

shownbyusandother researchers (Rudowskaetal., 2012).Based

on Gunning and Steer (1975), bean etioplast PLB is of a closed

type with hexagonal symmetry of the tubule arrangement. The

tetrahedrally branchedbasic tubular units forma typicalwurtzite (a

zinc iron sulfidemineral) lattice. For a better comparison between

thePLBstructure and the theoreticalmodel of a hexagonal lattice,

we chose perpendicular sections of the closed-type PLB for ET

analysis (Supplemental Figure 2).

We found that the structure of the PLBwas a regular tetrahedral

arrangement of tubular connections within the PLB (Figure 1).

Such a composite tomographic image stack was obtained by

superimposing reconstructed parallel slices, such as the one

shown in Figure 1A. The volume of the PLB (Figure 1B) and iso-

surface visualization of the 3D reconstruction of paracrystalline

PLBmembraneswas generated (Figure 1C)with the help of Imaris

microscopy image processing and analysis software. In Figures

1C and 1D, the PLB volume together with the first layer of the PLB

3D Models of Chloroplast Membrane Biogenesis 877
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is visible. For better visualization of the PLB network, we highlight

a single unit (orange) of thePLB togetherwith the rendered volume

(Figure 1E). An enlargement of the isosurface of one unit is shown

(Figure 1F) togetherwith its side view (Figure 1G). In Figure 1H, the

theoretical model created with the help of 3ds max software

showing the arrangement of inner plastid membranes within the

prolamellar body is displayed.

Stage 1.1: Irregular Prolamellar Body

After 1hof illumination, the regularity and the symmetry of thePLB

were lost. The structure of the PLB became irregular and PLB

membranes became rearranged (Figure 2). The 3D array of

branched tubes in the PLB became dissociated and the charac-

teristic tetrahedral network was no longer visible, and all units lost

regular connections with each other. A composite tomographic

slice image was obtained by superimposing reconstructed parallel

slices representing the spatial structureof an irregular PLB, and this

composite image isshown inFigure2A. Thevolume (Figure2B) and

isosurface (Figures 2C to 2H) of an irregular PLBwas renderedwith

the help of Imaris software. Already at this stage PLB membranes

both within the PLB (Figures 2E to 2H) and in its marginal regions

(Figure 2D) had given rise to flat stromal slats at the periphery of the

PLB thatwere seenasporousPTs.PTswere tightly connectedwith

the degrading PLB that were radially spreading from the PLB

margins (Figure 2C). In Figures 2C and 2D, the isosurface of the

irregular PLB together with the outer layer of the PLB is visible.

Upon magnification, the PTs emerging from the degrading PLB

are seen as flat slats (Figure 2D). For better visualization of the

transformation from tubular elements to slats, a single unit of

a degrading PLB net (lime green) is shown from various directions

(Figures 2E to 2H).

We strongly emphasize that ET enabled the visualization of slat

arrangements during transformation and untwining of PLB nodes.

This was not possible in traditional electron microscopy.

Stage 1.2: Remnants of PLB and Numerous Prothylakoids

After 2 h of illumination, only remnants of the PLB were observed

(Figure 3). A composite tomographic slice image was obtained by

superimposing reconstructed parallel slices of remnants of the

PLB and porous PTs connectedwith them (Figure 3A). The area of

interestwasdrawnoneveryslicewith thehelpof 3DMODsoftware

(Figure 3B, the middle slice in the stack). We reconstructed

a particular area of chloroplast membranes focusing on con-

nections between the remnants of the PLB and the PTs. This

model was superimposed on a TEM image for better visualization

of the region of interest (blue) (Figures 3C and 3D). In Figures 3E to

3G, slat-like images of PTs are presented from different angles.

From these models, we could observe that the membranes that

were remnantsof thePLBhadacontinuouscharacter, asopposed

to the porous PTmembranes that were tightly connectedwith the

former (Figures 3E to 3G). Both types of membrane were slat-like

and not tubule-like structures. At this stage of chloroplast bio-

genesis, the innermembraneswere arranged inparallel to the long

chloroplast axis.

Figure 1. Model of the Paracrystalline Tubular Structure of a PLB after 8 d of Etiolation (Stage 1.0).

(A) Middle layer of the tomography stack.

(B) Volume of the 3D reconstructed PLB.

(C)and (D) Isosurfacevisualizationwithmagnification, showinga regularparacrystallinenetwork.The image in (D)showsamagnificationof the light-colored

surface area in (C).

(E) Isosurface view of a single PLB unit (orange).

(F) and (G) Magnification of a PLB unit viewed from two different angles (orange).

(H) Theoretical model of a single layer of the PLB network (3ds max).

Bars = 250 nm
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Stage 1.4: Parallel Prothylakoids

After 4 h of illumination, there were no more remnants of PLBs in

the bean chloroplasts (Figure 4). A composite tomographic slice

image was obtained by superimposing reconstructed parallel

slices of chloroplasts at this stage of development (Figure 4A). A

selected area of membranes was drawnwith the help of 3DMOD

software (Figure 4B, middle slice from the stack). A model of the

area of interest was superimposed on a TEM image for better

visualization (purple) (Figures 4C and 4D). In Figures 4E to 4G,

slat-like models of porous PTs are shown after rotation and

presented from different angles. Such models enabled the vi-

sualization of the parallel arrangement of PTs and the local

connections between them. The PTs had a slat-like and porous

character and some of them had split in a dichotomous manner

(Figures 4E to 4G).

Stage 1.8: First Stacked Membranes

After 8 h of illumination, the first stacked membranes were ob-

served (Figure 5). A composite tomographic slice image was

obtained in a similar way as before (Figure 5A). Interesting areas

of thylakoid membranes, especially of stacked membranes and

their connections to unstacked ones, were drawn using 3DMOD

software (Figure 5B, middle slice from the stack). A model of the

areaof interestwassuperimposedon theTEM image (Figures5C

and 5D). In Figures 5E to 5H, models of the first stacked

membranes are shown after magnification and are presented

fromdifferent angles. Thesemodels revealed that the appressed

thylakoids (light yellow) were no longer porous but had con-

tinuousmembranes in the stacked region. Fromour constructed

model, we learned that the PTs (yellow) remained still porous,

although to a lesser extent than at earlier stages. In this model,

eachstackedmembranewasconnected toasingle split PT. This

dichotomoussplitting existedonly locallywhere aPT joinedwith

both the upper and lower stackedmembrane. ThePTmembrane

connected with the stacked region not in parallel but at an angle

in the range of 18° to 33°.

Stage 2.0: Small Grana

At the beginning of the second day of the experiment (Figure

6), small grana stacks were observed (stage 2.0). A composite

tomographic slice image was obtained in a similar way as for

the other stages of biogenesis (Figure 6A). Grana thylakoids

(GTs) and stroma thylakoids (STs) connected with them were

drawn using the 3DMOD software (Figure 6B, middle slice

from the stack). A small granamodel was superimposed on the

TEM image for a better visualization of the region of interest

(Figures 6C and 6D). The model shows GTs (light green) ar-

ranged in parallel and no longer porous STs (green) connected

with them (Figure 6E). In Figures 6F to 6I, the models of GTs

and STs are shown from different angles. Every modeled ST

was connected with two adjacent GTs (Figures 6F and 6G).

The STs were connected with the stacked region at an angle

of ;20°.

As mentioned previously, a CLSM study was performed for the

two latest stages of chloroplast biogenesis. The density of the red

Figure 2. Model of the PLB Irregular Structure after 1 h of Illumination (Stage 1.1).

(A) Middle layer of the tomography stack.

(B) Volume of the 3D reconstructed irregular PLB.

(C) and (D) Isosurface visualizationwithmagnification. Note the lamellar character of porous (arrowheads) prothylakoids at thePLB edges. The image in (D)

shows a magnification of the part of the light-colored surface area in (C).

(E) to (H)Magnification of the irregular PLB network viewed from four different angles showing a portion of a degraded PLB unit (lime green) forming sheet-

like structures (SLS).

Bars = 500 nm
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chlorophyll fluorescence spots in a CLSM image showed the

distributionof theappressed thylakoids (grana) in thechloroplast

(Supplemental Figure 3). There was no visible regularity of

the appressed thylakoid distribution (Supplemental Figure 3A)

that correlated with the TEM pictures. Also, 3D models of the

computer generated isosurface of chlorophyll fluorescence

(Supplemental Figures 3B to3D) confirmed the lackof regularity of

grana location within a chloroplast. The red fluorescence origi-

nated from the LHCII-PSII supercomplexes, dimers, and mono-

mers as well as from LHCII trimers that were not bound and

Figure 4. Model of PTs Loosely Arranged in Plastid Stroma after 4 h of Illumination (Stage 1.4).

(A) Middle layer of the tomography stack.

(B) Magnification of the modeled region (purple).

(C) and (D) Surface model (purple) embedded in the middle TEM layer viewed from two different angles.

(E) to (G)Surface visualization from three different angles showing parallel porous (arrowheads) prothylakoid structures, with a locally visible dichotomous

split of a prothylakoid (asterisk).

Bars = 200 nm

Figure 3. Model of Degraded PLB Structure with Numerous PTs in Plastid Stroma after 2 h of Illumination (Stage 1.2).

(A) Middle layer of the tomography stack.

(B) Magnification of the modeled region (blue)

(C) and (D) Surface model (blue) embedded in the middle TEM layer viewed from two different angles.

(E) to (G) Surface visualization from three different angles showing the radial arrangement of porous (arrowheads) prothylakoid structures.

Bars = 200 nm
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localized in grana (Mehta et al., 1999). Selective images of PSI

and PSII in plant chloroplasts in situ have shown that they are

spatially separated from each other; however, the majority of the

fluorescence signals originating from PSI overlap with those from

PSII (Hasegawa et al., 2010). Thus, in the case of CLSM images

of bean chloroplasts, the LHCI-PSI complexes can be located

both in red and dark areas, but the LHCII-PSII and LHCII trimers

are located in red fluorescence regions only.

Stage 3.3: More Developed Grana

During the third day (stage 3.3), chloroplasts with grana more

developed than in the previous stage, containing numerous

thylakoids, were observed (Figure 7). A composite tomographic

slice image was obtained as in the previously analyzed stages

(Figure 7A). The region of interest was drawn using the 3DMOD

software (Figure 7B, middle slice from the stack). A model of the

granum (light navy) with connected STs (navy) was superimposed

on the TEM image (Figures 7C and 7D). In Figures 7E to 7I, the

model is shown from different angles to visualize direct con-

nections of STs with GTs. The complexity of these connections

can be observed. Some STs were associated with two neigh-

boring GTs as in the previous stage and were connected at an

angle of ;18° (Figures 7E and 7F); ST can also split in a di-

chotomous manner and connect with both the adjacent GT and

the next GT in the other slice (left bottom ST; Figures 7F and 7H).

Additionally, we saw that the ST in the area of our model could

connect with only oneGT, as was observed at the top and bottom

of the granum (Figure 7G). This shows that the junctional slits

created by the connections between GTs and STs can be of

different widths, as was also reported by Austin and Staehelin

(2011) for the thylakoid network of well developed chloroplasts of

mature plants.

For this stage, the CLSM analysis was also performed. The

distribution of chlorophyll autofluorescence (Supplemental Figure

4) visible in CLSMchanged drastically in comparison to the earlier

stage of grana formation. Red spots corresponding to grana were

uniformly distributed within the chloroplast (Supplemental Figure

4A). 3D models of the computer-generated isosurface of chlo-

rophyll fluorescence confirmed the regular distribution of grana

that is characteristic of a mature chloroplast (Rumak et al., 2010)

(Figures 4B to 4D). However, the size of chloroplast at this stage of

biogenesiswasmuch smaller (;3mm) than the6-mmchloroplasts

found in mature plants.

Based on the TEMsections of numerous developmental stages

and on the reconstruction of the membrane transformation in 3D

during the seven stages of chloroplast biogenesis, we proposed

a 2D theoretical model (Figure 8) of the membrane changes. The

proposed theoretical model of membrane rearrangements taken

togetherwith the3Dmodels allowedus tocreate adynamicmodel

of chloroplast development, which is presented as a movie

(Supplemental Movie 1).

Summarizing the structural part of ourwork, we have presented

in detail themodels obtained by ET that describe several stages in

chloroplast development: the PLB paracrystalline lattice and its

transformation; the untwining of tubules from thePLBstructure as

a continuous process; the change of their conformation to stro-

mal flat slats, even inside a degrading PLB; and eventually the

Figure 5. Model of the First Stacked Membranes after 8 h of Illumination (Stage 1.8).

(A) Middle layer of the tomography stack.

(B) Magnification of the modeled region (yellow).

(C) and (D) Surface model embedded in the selected TEM layer viewed from two different angles.

(E) to (H) Surface visualization from four different angles showing three layers of a nonporous thylakoid stack (light yellow) and associated porous (ar-

rowhead) prothylakoid membrane (yellow) connected with the stacked region at an angle in the range of 18° to 33° with a locally visible splitting of

a prothylakoid (asterisk).

All bars = 250 nm
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formation of a well developed grana with STs linked to GTs at an

angle of ;18°. Additional models of the two latest of the ana-

lyzed stages of chloroplast biogenesis obtained by CLSM dem-

onstrated the 3D details of the architecture of the early grana

distribution.

Quantitative EM Analysis of Grana Formation during

Biogenesis of the Chloroplast

To quantify the grana formation process during chloroplast bio-

genesis, we measured the diameter, height, and number of

membrane layers of the grana (Supplemental Table 1) as de-

scribed inMethods.Grana lateral irregularity (GLI) is definedas the

coefficientof variation (the ratioof the SD to themean)ofmembrane

diameters within the granum. The GLI in stages 2.0 and 3.3 was

lower in comparison to stage 1.8, both for grana with different

numbersofmembranes (Supplemental Table2)and forsubgroups

with the same membrane count in the grana (Supplemental

Table 3). When comparing all the data from stages 2.0 and 3.3,

the difference in the GLI value was statistically insignificant

(Supplemental Table 2). However, for the four-membrane grana,

the irregularity of grana was lower in stage 3.3 (Supplemental

Table 3). During chloroplast biogenesis, the stacking repeat

distance (SRD) value decreased continuously in subsequent

developmental stages (Supplemental Table 4). Spearman’s rank

correlations between the height of the granum and the number of

stacked membranes increased in subsequent stages (1.8 < 2.0 <

3.3) (Supplemental Table 5), confirming a gradual increase of

the membrane compaction in the growing grana, thus lowering

the SRD value. Moreover, the dominating direction of grana

enlargement differed between successive stage-to-stage tran-

sitions. During the transition from the first stacked membranes

(stage 1.8) to small grana (stage 2.0), there was a tendency for

membrane expansion in the lateral rather than vertical direction,

while during the transition from stage 2.0 to 3.3, the tendencywas

reversed (Supplemental Table 6 and Supplemental Figure 5).

Formation of CP Complexes during Biogenesis of

the Chloroplast

The association of chlorophyll species with photosynthetic pro-

teins and the formation of the CP complexes in isolated intact

etioplasts and in developing bean chloroplasts were analyzed

fromdataobtainedby theapplicationofcomplementarymethods:

low-temperature fluorescence emission and excitation spec-

troscopy,mild-denaturing electrophoresis, and immunodetection

of proteins associated with PSII (Figure 9).

When normalized to the same area, steady state 77K fluores-

cence emission spectra reveal the relative contribution of specific

species to theoverall fluorescencepattern. Asshown inFigure9A,

two bands (at 630 and 653 nm) were observed in etiolated bean

seedlings. The first one corresponds to free Pchlide species,

whereas the latter is related to the Pchlide-LPOR-NADPH com-

plex in PLB (Schoefs and Franck, 2008; Adam et al., 2011, and

references therein). After 1 h of illumination, the 653-nm band

completely disappeared and a new red-shifted band at;679 nm

was observed. This indicates a decline of Pchlide associated with

LPOR complex, despite the significant band, still present, cor-

responding to free Pchlide (Schoefs and Franck, 2008; Gabruk

et al., 2015). The corresponding excitation spectra, reflecting

Figure 6. Model of Small Grana at the Beginning of the Second Day of the Experiment (Stage 2.0).

(A) Middle layer of the tomography stack.

(B) Magnification of the modeled region (green).

(C) and (D) Surface model embedded in the selected TEM layer viewed from two different angles.

(E) to (I) Surface visualization from five different angles showing five grana thylakoid layers (light green) arranged in parallel. These grana are directly

connected with three nonporous stroma thylakoids (green). The stroma thylakoids are connected with a stacked region at an angle of ;20°.

Bars = 200 nm
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relative energy transfer from the absorbing pigments to the

emitting chlorophyll species (Figure 9B), showed a Chlide/chlo-

rophylla relatedbandat;440nm(Gabruketal., 2015), suggesting

energy transfer toChlide/chlorophyllaspeciesonly.Simultaneous

structural investigation bymild denaturing electrophoresis (Figure

9D) and immunodetection (Figure 9E) did not reveal the presence

of either CP complexes or proteins associated with PSII.

Illumination for 2h (Figure 9A) causeda shift of a redband to683

nm and formation of a new wide far-red band at;724 nm. These

changes indicated further degradation of Pchlide-LPOR com-

plexeswith simultaneous appearance of the core complexes. The

far-red band is related to the spectrum of the PSI core complex

(Klimmek et al., 2005; Rumak et al., 2012). The presence of the

683-nmband in theemissionspectra (Figure9A)and theexcitation

band at 437 nm corresponding solely to light harvesting by

chlorophyll a (Figure 9B) is a counterpart of the CP43/CP47

spectra seen previously (Andrizhiyevskaya et al., 2005; Casazza

et al., 2010). The immunodetectionpattern of the stage1.2 sample

showed traces of CP43 and a lack of visible CP47, D1, and D2

bands (Figure 9E), indicating that, after 2 h of illumination, the

CP43 inner antenna was the dominating CP complex. In the

emission spectrum of the stage 1.4 sample, besides the 683-nm

band, a shoulder at ;691 nm appeared (Figure 9A) with simul-

taneous significant increase of the 470-nm chlorophyll b band in

the excitation spectrum (Figure 9C). The 691-nm band originates

from the PSII core and CP43 intrinsic antenna bound with

chlorophylla (Rumaketal., 2012). The683-nmbandcanbe related

to LHCII complexes containing both chlorophylls a and b apart

from theCP47complex (Rumak et al., 2012). Immunoblot analysis

revealed only traces of CP43 and Lhcb2 in the stage 1.4 sample

(Figure 9E), suggesting that these proteins create the first CP

complexes related to PSII. However, no green bands assigned to

more organized CP complexes were resolved by mild denaturing

electrophoresis (Figure 9D). This suggests that in the first parallel

PT membranes (stages 1.2 and 1.4), the arrangement of rare CP

complexes differs substantially from that in mature thylakoids.

Eight hours of seedling illumination radically changed the

spectroscopic and electrophoretic pattern. The emission and

excitation spectra (Figures 9A and 9C) are very similar in shape to

those observed in thylakoids isolated frommature leaves. The red

band revealed two separate maxima at 683 nm both from trimers

and monomers of LHCII and CP43, while the 691-nm band cor-

responds to the PSII core (Rumak et al., 2012). The appearance of

the 728-nm band suggests incorporation of the LHCI antenna

complexes into membranes (Klimmek et al., 2005; Rumak et al.,

2012). The excitation spectrum indicates the presence of both

chlorophyll a and b (Figure 9C). Furthermore, the D1 core protein

was theonlynonvisibleproteinassociatedwithLHCII/PSII (Rumak

et al., 2012) (Figure 9E). Mild denaturing electrophoresis (Figure

9D) revealed only traces of LHCI-PSI, LHCII-PSII supercomplexes

(upper bands), and LHCII trimers (middle band) (Rumak et al.,

2012). Thesedata indicate anearly phaseof theCPorganization in

Figure 7. Model of More Developed Grana Visible during the Third Day of Day/Night Growth (Stage 3.3).

(A) Middle layer of the tomography stack.

(B) Magnification of the modeled region (green).

(C) and (D) Surface model embedded in the selected TEM layer viewed from two different angles.

(E) to (I)Surface visualization from five different angles showing a very regular parallel arrangement of grana thylakoid layers (light navy) associated with six

stroma thylakoids (navy).

(F) Splitting of the bottom stroma thylakoid (star).

(G) Stroma thylakoids are connected with two neighboring grana thylakoids at an angle of ;18°.

(H)and (I)Aparticular stroma thylakoid is split in twoandconnectedwith theadjacentgrana thylakoid (H)andwith thenextgrana thylakoid inanother slice (I),

as shown inside the small white rectangles.

Bars = 200 nm
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the lateral plane of the thylakoid membranes, probably restricted

to smaller dispersed microdomains (Rumak et al., 2010). The

ordered arrangement of LHCII and of LHCII-PSII complexes

stabilizes the structure of grana stacks (Rumak et al., 2010), but

due to the still limited number of complexes, the interaction be-

tween adjacent membranes occurs only in a small group of

membranes (Figure 5).

The spectra and electrophoretic patterns obtained for de-

veloping chloroplasts isolated from 2- and 3-d-old seedlings

(Figure9)donotdifferqualitatively fromthoseofmature thylakoids

(Rumak et al., 2012). Sharp bands in the spectra (Figures 9A and

9C) suggest precise arrangements of pigments in the CP com-

plexes. The total number of supercomplexes and LHCII trimers

and monomers (Figure 9D) was less than in mature thylakoids

(Garstka et al., 2005; Rumak et al., 2012) and corresponded to the

grana seen in 2- and 3-d-old plants (Figures 6 and 7). A simple

relationshipwasalsoobservedbetween thegradual accumulation

of the LHCII apoproteins (Figure 9E) and an increase of the grana

stacks (Supplemental Table 1).

DISCUSSION

This work describes in detail the spatial 3D reconstruction of the

paracrystalline arrangementofPLBand itsgradual transformation

from a tubular to a linear system during the greening process. The

structural changes during the early stages of chloroplast bio-

genesis have been visualized.

The PLB is a paracrystalline membrane structure typical for

angiosperm etioplasts (Gunning and Steer, 1975). Themost basic

structures of the PLB lattice correspond in their symmetry to two

crystal forms of zinc sulfide in which tetrahedrally branched units

join together in3Dnetworksofhexagons.Thefirst,wurtzite type, is

that of the hexagonal close-packed structure. Hexagons of the

neighboring crystallographic planes (above and below) form

ahexagonal prism. The second lattice typecorresponding to zinc-

blende (sphalerite) is a cubic close-packed structure. In this lattice

type, successive planes of hexagonal rings are displaced half

a ring with respect to one another. These two types are the most

common among the basic structures of PLBs. Other crystallo-

graphic lattices, e.g., pentagonal dodecahedron, open or centric

type, can also be present. Two lattice structures can be present in

onePLB, resemblingpolycrystals. In addition, other combinations

and configurations of the PLB lattice can be found (Gunning,

2001). The only type of PLB lattice observed in the etiolated bean

plastids was of the wurtzite-type hexagonal prism (Figure 1).

However, the type of lattice might be in different under growing

conditions.

Different kinds of such highly organized and complex cubic or

tubule-reticular structures evolve not only from plastid inner

membranes or smooth endoplasmic reticulum but also directly

from plasma membranes, nuclear envelopes, mitochondrial

cristae systems, and Golgi complexes and are ubiquitous in

many different cell types under specific environmental con-

ditions (for a review of cubic membrane occurrence in biological

systems, seeAlmsherqi et al., 2009). A hexagonal paracrystalline

membrane arrangement of endoplasmic reticulum, structurally

similar to a PLB, was observed in cytoplasm of compactin-

resistant Chinese hamster ovary cells that were grown for 72 h

in stressed conditions in the presence of 40 µM compactin.

Compactin is a competitive inhibitor of 3-hydroxy-3-methyl-

glutaryl CoA reductase, the rate-limiting enzyme in cholesterol

synthesis. This confirms the possibility of creating such unique

structure via a different combination of lipids and proteins in

organisms that are evolutionarily distant (Chong and Deng,

2012).

Although the structural aspects of chloroplast biogenesis have

been the subject of research over the last 30 years (Ryberg and

Sundqvist, 1982;Mostowska, 1986a, 1986b; VonWettstein et al.,

1995; Gunning, 2001; Adam et al., 2011), the character of the

transformation of the tubular paracrystalline PLB structure to

a linear thylakoid arrangement was not observed as a continuous

Figure 8. Theoretical 2D Models of Subsequent Stages of Inner Chloro-

plast Membrane Transformations.

Membrane transformations during the etioplast-chloroplast transition in-

duced by illumination, with the corresponding developmental stages il-

lustrated (left panels) and visualized by TEM (right panels). The theoretical

models show membrane connections at a selected depth on the z axis of

the chloroplast volume. Bars = 200 nm.
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process. Other authors have described the disintegration of PLBs

into vesicles upon illumination, in particular as a disruption of

isolated paracrystalline wheat PLBs into vesicles that rearrange

intostrandsdispersed through thestroma (Kleinetal., 1964;Grzyb

et al., 2013) andalsoasvesicle formationon thesurfaceof thePLB

together with a transition of the tubular network into lamellae

(Solymosi et al., 2006). Such observations were not confirmed by

our results using ET on bean leaf sections. Even in the 1970s,

a PLB transformation to porous primary thylakoidswas described

as a rearrangement of existing membranes and pores of PTs as

relics of the lattice spacing of the PLB (Gunning and Steer, 1975).

We have demonstrated that the paracrystalline structure of the

PLB transformsdirectly to lamellar structures that areporous from

thebeginning. This direct transformationcanexplain thepresence

of so many photosynthetic proteins in the PLB in the darkness,

which results in photomorphogenic growth upon illumination

(Blomqvist et al., 2008). Already at the beginning of the untangling

of the paracrystalline network, tubules were transformed into

porous flat slats even in themidst of the degrading PLB (Figure 2).

In Chlamydomonas, the pyrenoid, which is considered to be

a nucleation center for thylakoid maturation, is penetrated by

thylakoid tubules. In other algal chloroplasts, translation mem-

branes surround or cut across the pyrenoid. Although our study

dealswith thechloroplasts of anangiosperm,whichdiffer from the

chloroplasts of algae, it can be speculated that, during the thy-

lakoid biogenesis of the angiosperm chloroplast, PLBs with

connected PTs and the pyrenoid of the algae chloroplast can play

a similar structural role (Rast et al., 2015). Regularity of PLBs in the

bean plastids (Figure 1) was observed simultaneously with the

band at 653 nm corresponding to the Pchlide-LPOR-NADPH

complex (Figure 9A) (Abdelkader et al., 2007; Blomqvist et al.,

2008; Schoefs and Franck, 2008; Adam et al., 2011, and refer-

ences therein). The transformation of PLBs observed after 1 h of

illumination was seen as a loss of regular connections through

interconnecting tubules (Figure 2). At the same time that the

nodes of the paracrystalline network vanished, the fluorescence

of Pchlide-LPOR-NADPH complex was no longer observed

(Figure 9A).

In some other species growing in the day/night cycle, e.g., in

pea, a partial reconstruction of the PLBs after the dark period

during the chloroplast differentiation was observed (Abdelkader

et al., 2007; Schoefs and Franck, 2008; Rudowska et al., 2012). It

isnotclearwhysucha reconstructionofPLBs inbeanplastids (i.e.,

a reconstruction of the cubic phase after the dark period) was not

observed. Fourier transform infrared spectroscopy analysis

showed that the protein/lipid ratio (i.e., the average protein

Figure 9. Analysis of CP Complexes during the Biogenesis of Chloroplasts.

(A) Low-temperature (77K) fluorescence emission spectra (excitation at 440 nm) of isolated intact bean etioplasts and developing chloroplasts from

subsequent developmental stages as shown in the key at upper right.

(B)and (C)Low-temperature (77K)fluorescenceexcitationspectraobtained fromemissionat653nm(stage1.0), 680nm (stage1.1), or683nm (stages1.2 to

3.3) (line styles are the same as in [A]).

(D) Mild denaturing green gel electrophoresis of CP complexes.

(E) Immunodetection analysis of PSII core (D1, D2,CP43, andCP47) and extrinsic antenna (Lhcb1 and Lhcb2) proteins. All measurementswere repeated at

least three times; all spectra presented were normalized to equal area under the curve.
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density) was higher in bean than in pea thylakoids, which might

limit the protein diffusion within bean thylakoid membranes and

their plasticity (Rumak et al., 2010). This might be the reason why

bean PLB reconstruction does not take place.

During the first hours of illumination, the flat slats emerging

directly from the bean PLB visualized by ET remain porous (Fig-

ures 2 to 4) until the first neighboring thylakoids overlap (Figure 5).

Formation of the first parallel or partially overlapping membranes

(Figure5)coincideswith theappearanceof thefirstCPcomplexes.

Appearanceof the extrinsic antennae follows the core complexes,

but the arrangement of the CP complexes is much different from

the final structure observed in mature thylakoids (Figure 9). Such

immaturity of the stacked membrane arrangement in stage 1.8

was also reflected in the highest SRD value, which then gradually

declined during the biogenesis process (Supplemental Tables 4

and 5). Stacking of thylakoids in order to form grana inter-

connected by nonstacked thylakoids is a complicated process

that includes protein-protein and protein-lipid interactions in the

lateral and vertical plane of the membranes as well as thermo-

dynamic changes inside the chloroplast environment (Jia et al.,

2014). Vertical appression of adjacent membranes is associated

with an increaseof vanderWaals attractions andadecreaseof the

electrostatic and hydration repulsion (Chow et al., 2005). The

appression process is feasible due to lateral separation of CP

complexes: PSI, which has a large protrusion at the stroma-facing

surface, is segregated to nonappressed thylakoids (Chow et al.,

2005), while LHCII-PSII and LHCII are localized in appressed

membranes by a self-organized process (Kirchhoff et al., 2007;

Rumak et al., 2010).

Commonly accepted models point out the essential role played

bytheamountofLHCII ingranaformation,basedontheobservation

of LHCII-deficient barley (Hordeumvulgare) mutants, on liposomes

with incorporated LHCII, and on pea thylakoid membranes with

a removed stromal-exposed N-terminal segment of LHCII (Nevo

et al., 2012). In this last model, a positively charged N-terminal

segment of LHCII in one membrane interacts with a negatively

charged stromal surface of the opposite LHCII trimer (Standfuss

et al., 2005; Daum et al., 2010). Recently, however, the significance

of LHCII-PSII supercomplexes and the LHCII trimer arrangement in

grana membranes has been emphasized (Kim et al., 2009; Kou�ril

et al., 2012; Tietz et al., 2015). The contact between stacked ad-

jacentmembranes ismade by the stromal surfaces of polypeptides

of supercomplexes, mainly LHCII trimers, PSII core, and minor

antennae (Daum et al., 2010). The adjacent membranes are sep-

aratedbyastromalgap (Kimetal., 2005),whereassupercomplexes

form more or less ordered arrays in appressed grana thylakoids

(Kirchhoff et al., 2008; Daum et al., 2010). The size of the lumen

spaceof the thylakoidsdependson the interactionbetweenoxygen

evolving complexes of the PSII from opposite lamellae (Anderson

et al., 2008; Kirchhoff et al., 2008). Furthermore, the participation of

other proteins such as PsbS and CURT1 has been considered

(Goral et al., 2012; Pribil et al., 2014).

In a developing chloroplast after 8 h of illumination (stage 1.8)

(Figure 5), the first small stacks appear at the same time as the first

ordered structures of LHCII and LHCII-PSII (Figure 9). The close

association of the membranes causes a coalescence of perfo-

rations, while the neighboring stroma lamellae still remain porous

(Figure 5). The ET model of the 1.8 stage (Figure 5) revealed that

even in thecaseof thefirst stackedmembranes, theSTsassociate

with GTs in a helical way forming an angle of 18° to 33°. This

pattern of spatial structure is similar to that in the fully developed

grana where the observed angle was;20° (Mustárdy et al., 2008;

Austin and Staehelin, 2011; Daum and Kühlbrandt, 2011). The

formation of gradually more complicated grana structure ob-

served in the 2- and 3-d-old seedlings (Figures 6 and 7) correlates

not only with the increase of LHCII abundance but also with ar-

rangement of supercomplexes (Figure 9). In these phases of

development, the pores in thylakoids are no longer observed

neither in grana nor stroma (Figures 6 and 7).

The interpretation of tomographic, fluorescence, and electro-

phoretic data taken together suggest that both the accumulation

of CP complexes and their arrangement in supercomplexes in-

fluence the formationofappressedmembranesduringchloroplast

biogenesis. Development during illumination changes the grana

size and the appressed thylakoid distribution (Supplemental

Figures3and4). The increasedsizeof thegranacanoccur through

enlargement in lateral and vertical directions.We have shown that

the expansion of the grana membrane changes direction from

lateral to vertical during illumination (Supplemental Table 6 and

Supplemental Figure 5). Upon illumination, not only do the grana

become more regularly distributed, but also the irregularity of the

grana structure expressed by the GLI parameter decreases

(Supplemental Tables 1 to 3). The spatial organization of thyla-

koids inside the chloroplast of higher plants varies between

species and mutant lines (Kim et al., 2009; Rumak et al., 2012).

These effects might depend on the qualitative and quantitative

properties of CP complexes and their arrangements, as dem-

onstrated on 3D CLSM models of developed pea and bean

chloroplasts (Rumak et al., 2012). Thus, the composition of the

thylakoid microdomains and the lateral separation of photo-

systemsmight be anothermechanism involved in grana formation

(Rumak et al., 2010). Despite this diversity, the general lamellar

organization is similar, as shown by the broad plasticity of the

system (Pribil et al., 2014). The structural ET analyses performed

on thylakoids of mature spinach (Spinacia oleracea), tobacco

(Nicotiana tabacum), pea, and Arabidopsis thaliana chloroplasts,

and also our results performed on developing bean chloroplasts,

confirm the presence of a helical grana arrangement of GTs

connected with STs by staggered membrane protrusions (Daum

et al., 2010; Austin and Staehelin, 2011). We showed that the

arrangement of spiraling STs and stack forming exactly parallel

GT membranes originates very early during grana formation

(Figure 5). The next stages (Figures 6 and 7) follow this helical

pattern of grana arrangement, emphasizing its importance for the

structural mechanism of grana thylakoid assembly. Thus, our

observation serves as a general pattern of thylakoid biogenesis.

Our study has provided the spatial models of chloroplast bio-

genesis that haveallowed the reconstructionof the3Dstructureof

internalmembranes of a developing chloroplast. It also allowedus

to visualize their interconnections and their transformation from

a tubular arrangement to a linear one. We show that the tubular

structure of the prolamellar body transforms directly into flat slats,

without dispersion to vesicles, a matter that has been the subject

of debate. We also demonstrated that the helical character of the

grana-stroma thylakoid connections is observed from the be-

ginning of the formation process of the stacked membrane
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arrangement. Moreover, we described the importance of partic-

ularCPcomplex components in themembrane appressionduring

biogenesis. The main stages of the biogenesis of the plastid in-

ternalmembranenetworkarepresentedbyadynamicmodel in the

associated movie (Supplemental Movie 1).

METHODS

Plant Material and Growth Conditions

Runner bean (Phaseolus coccineus cv Eureka) seeds were germinated on

Petri dishes in darkness. After 7 d of germination, the seedlings were

transferred to 3-liter perlite-containing pots with nutrient solution con-

taining 3 mM Ca(NO3)2, 1.5 mM KNO3, 1.2 mM MgSO4, 1.1 mM KH2PO4,

0.1mMC10H12N2O8FeNa,5mMCuSO4, 2mMMnSO435H2O,2mMZnSO4

3 7 H2O, and 15 nM (NH4)6Mo7O24 3 4 H2O, pH 6.0 to 6.5, in a climate-

controlled room (18°C) for the next 8 d (etiolation). The first samples were

collected under photosynthetically inactive dim green light directly after

etiolation. Then, the lightwasswitchedonand thegrowing conditionswere

changed to 21°C/18°C (day/night) with photosynthetic active radiation of

40 mmol photons m22 s21 during a 16-h-light/8-h-dark photoperiod at

a relative humidity of 60 to 70%. Leaf samples were taken at selected

collection times during the 3 d of the experiment (Supplemental Figure 1).

Sample selection was based on our preliminary experiments, which in-

dicated that these moments correspond to significant steps in chloroplast

biogenesis. Samples from each stage of development were taken for

various measurements as required: TEM, ET, CLSM, as well as for the

fluorescence measurements and at the same time for electrophoresis and

immunoblotting. The sample collection times corresponding to the

structural stages are labeled according to the number of days and hours of

illumination (e.g., 1.2 denotes 2 h of illumination during the first day of il-

luminatedgrowth). Sevenstages from3dof greeningwereanalyzedbyET:

paracrystalline prolamellar body (stage 1.0); irregular prolamellar body

(stage 1.1); remnants of PLB and numerous prothylakoids (stage 1.2);

parallel prothylakoids (stage1.4);first stackedmembranes (stage1.8); from

the second day, small grana (stage 2.0); and from the third day, more

developed grana (stage 3.3). Additionally, the last two stages of the day/

night growth were also analyzed via CLSM.

TEM

Samples from each developmental stage were taken for the TEM analysis.

Material cut from themiddle part of the leafwas fixed in2.5%glutaraldehyde

in0.05Mcacodylatebuffer (pH7.4) for 2 h,washed inbuffer, andpostfixed in

2% OsO4 at 4°C in 0.05 M cacodylate buffer for ;12 h. We used glutaral-

dehyde as a preferred primary fixative in protocols for the preservation of

paracrystalline arrangements (Chong and Deng, 2012). Immediately after

that, the specimens were dehydrated in a graded acetone series and then

embedded in epoxy resin (Epon; Sigma-Aldrich). Polymerization was per-

formed at 50°C for 3 d. Thematerial was cut on a Leica UCT ultramicrotome

into 70-nm sections. Specimens on nickel formvar-coated grids with

100 mesh were stained with uranyl acetate and lead citrate and examined

with the JEM 1400 electron microscope (Jeol) of the Nencki Institute of

Experimental Biology of the Polish Academy of Sciences, Warsaw.

Grana Measurements and Statistical Analysis

Based on the TEM micrographs of the 1.8, 2.0, and 3.3 developmental

stages, we measured the diameter, height, and number of membrane

layers for 100 grana in each of the analyzed stages using ImageJ software

(Abramoff et al., 2004). From these data, we calculated the SRD, which is

defined as the distance between the adjacent partition gaps in the stacks

(Kirchhoff et al., 2011). The analysis of the changes in grana regularity was

based on these data. We also introduced a parameter named GLI as

a measure of grana stack irregularity. The GLI value is defined as the

coefficient of variation (the ratio of the SD to the mean) of membrane di-

ameters within the granum. The minimum theoretically possible GLI value

of 0 would be attained for grana consisting of membranes of the same

diameter; the larger the irregularity (diameter fluctuations), the larger the

GLI value. The relative variation gives a better measure of irregularity than

an absolute one for many reasons; in particular, chord error caused by

measurements of random cross sections of grana stacks influences the

absolute values more than the relative ones.

Ananalysisof themeasurementprotocoldrewattention toanambiguity in

the definition of the ending positions of stacked membranes that led us to

omit two-membrane stacks from the statistical analysis. Thiswas in order to

eliminateapotentialsourceofartifacts inthemembranediametercalculation.

To compare the GLI values between stages, we found the interval

estimates (at 95% confidence level) of the GLI ratios for pairs of stages.

Whenever possible, we also performed such a comparison separately for

classesof granaconsistingof the samenumber ofmembranes. Thiswas to

avoid possible artifacts due to a potential dependence of the diameter

measurement on the number of membranes. To compare the vertical

compactness between stages, we found the interval estimates (at 95%

confidence level) of the SRD ratios between respective stages. For con-

sistency, two-membrane grana were also omitted. The statistical analysis

was performed using SAS 9.4 (SAS Institute, 2013).

The tendency of grana to grow in the vertical or lateral direction was

quantified as follows. First, the lateral growth tendency was expressed as

a ratio of the lateral growth to the vertical growth during transition between

stages.Next, the ratiosof thesequantities found for thestage2.0 to3.3and the

stage 1.8 to 2.0 transitions were calculated. This ratio is a measure of the

tendency of the lateral/vertical growth change between the transitions. The

interval estimates (at 95% confidence level) of these ratios were found using

asimplepercentilebootstrapandthestandardnormalbootstrap (Manly,1997).

ET

Samples for the ET were cut into 250-nm-thick sections and placed on

100 mesh nickel formvar-coated grids. The electron tomograms were

collected with the JEM 1400 electron microscope (Jeol) of the Nencki

Institute of the Polish Academy of Sciences, Warsaw, with tomography

supply at the voltageof 120kV. The imageswere takenat amagnification

of 60,0003 from +60° to 260° at 1° intervals around one axis. When

necessary for alignment, colloidal gold was precipitated onto grids

containing thick sections. Forty tomograms from seven developmental

stages were collected. Each set of aligned single-axis tomogram tilts

was reconstructed using the TomoJ software (component of ImageJ)

(Messaoudii et al., 2007). For the reconstruction, 30 iterations of the

SIRT algorithm, or 15 iterations of the ART algorithm, were applied

(Messaoudii et al., 2007), depending on the quality of the reconstructed

image stacks. Tomograms were displayed and analyzed with Imaris

software to create the isosurface of the internal plastid membranes.

Additionally, the outlines of regions of interest of the tomograms were

shaped and analyzed with 3DMOD software (IMOD; Kremer et al., 1996)

to reconstruct selected areasof thedeveloping chloroplastmembranes.

3D theoreticalmodels of PLBunitswere createdwith the help of 3dsmax

software (Autodesk).

CLSM and 3D Reconstruction

Etioplasts and developing chloroplasts were isolated in a semifrozen

20 mM Tricine-NaOH (pH 7.5) buffer containing 330 mM sorbitol, 40 mM

ascorbate, 15mMNaCl, and 4mMMgCl2 by gentle homogenization. After

filtration, homogenates were centrifuged at 7000g for 10 min (first day of

experiment) or at 2000g for 5 min (second and third day of experiment).

Pellets obtained in such a way were very gently resuspended in a small
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amount of 20 mM HEPES-NaOH (pH 7.0) buffer containing 330 mM sor-

bitol, 15 mM NaCl, and 4 mM MgCl2.

Isolated intact chloroplasts were suspended in 20 mM HEPES-NaOH

(pH 7.5) containing 330 mM sorbitol, 6% (v/v) glycerol, 15 mM NaCl, and

4mMMgCl2 to afinal chlorophyll concentrationof 30mgmL21. After 10min

of incubation in the dark and on ice, the suspension was immobilized on

a microscope glass covered with poly-L-lysine (Rumak et al., 2010).

Chloroplast images from three independent experiments were taken using

the Nikon A1 MP confocal laser scanning fluorescence microscope as

described previously (Janik et al., 2013). Briefly, the excitation beam was

set at 561 nm, and fluorescence emissionwas recorded in the range of 662

to 737 nm. Fluorescence images of 5123 512 pixels were collected from

different focal planes (z axis step = 25 nm) using a fast resonant scanner

with the scanning speed of 15 frames per second, and each optical slice

was an average of 16 separate frames. The collected data stacks were

subjected to a deconvolution procedure using AutoQuant X3 software

(Media Cybernetics) to remove the spherical aberration effect and un-

specific fluorescence signals. The deconvolution parameter values were

chosen to maximize the image quality, while keeping a minimal data loss,

which corresponds to 10 iterations with a medium noise level. The 3D

modelswere created based on the algorithmof the intensity gradient using

Imaris 6.3.1 software (Bitplane) (Rumak et al., 2012).

Low-Temperature (77K) Fluorescence Measurements

A modified Cary Eclipse spectrofluorimeter (Varian) with optical fibers

guiding the excitation and emission beams was used to record the low

temperature (77K) fluorescence emission and excitation spectra. Samples

containing preparations of etioplasts or developing chloroplasts were

placed in a polytetrafluoroethylene cuvette and subsequently submerged

in liquidnitrogen. Theemissionspectrawere recorded in the rangeof600 to

800 nm with the wavelength of the excitation beam set at 440 nm. The

fluorescence excitation spectra were recorded in the range of 350 to

600 nm, and the emissionwas set at the center of themain emission bands

of the analyzed samples. All spectra were recorded through the LP610

emissionfilter and theexcitationspectrawerecorrected for the xenon lamp

intensity.

Mild Denaturing Electrophoresis

Etioplast/chloroplastmembranesweresolubilized ina10mMTricinebuffer

(pH 7.6) containing 20% (w/v) sucrose to a chlorophyll concentration of

0.5 mg mL21. Next, the n-dodecyl-b-D-maltopyranoside and lithium

dodecylsulfate were added to a final concentration of 0.5% (w/v) and

0.05% (w/v), respectively. After 20 min of dark incubation on ice, samples

containing 4 mg of chlorophyll were loaded into wells of an SDS-depleted

3% (w/v) polyacrylamide stacking gel. Electrophoresis was performed

using aSDS-depleted 8% (w/v) polyacrylamide resolving gel supplemented

with 10% (w/v) sucrose. The electrophoresis was conducted with a 25 mM

Tris buffer (pH 8.3) containing 192 mM glycine and 0.1% (w/v) lithium

dodecylsulfate in a MiniProtean3 electrophoresis cell (Bio-Rad Laboratories).

SDS-PAGE and Immunoblot Analysis

Isolated etioplasts/chloroplastswere suspended in Laemmli samplebuffer

(Bio-RadLaboratories), andsamplescontaininganequalamountofprotein

were loaded intopolyacrylamidegelwells. After separationby the standard

SDS-PAGE, proteins were detected on the PVDF membrane by using

primary antibodies against D1, D2, CP43, CP47, Lhcb1, and Lhcb2

(Agrisera) followed by anti-rabbit horseradish peroxidase conjugate and

the ECLDetection System (Bio-Rad Laboratories). Primary and secondary

antibodies were diluted according to the manufacturers’ protocols: Agrisera

and Bio-Rad, respectively.

Supplemental Data

Supplemental Figure 1. Scheme of the Experiment.

Supplemental Figure 2. Theoretical Model of the Hexagonal Lattice.

Supplemental Figure 3. Model of the Chlorophyll Fluorescence of

Intact Chloroplasts (CLSM) and 3D Reconstruction of Grana Distribu-

tion at the 2.0 Developmental Stage.

Supplemental Figure 4. Model of the Chlorophyll Fluorescence of

Intact Chloroplasts (CLSM) and 3D Reconstruction of Grana Distribu-

tion at the 3.3 Developmental Stage.

Supplemental Figure 5. Distribution of Grana Size in the 1.8, 2.0, and

3.3 Developmental Stages.

Supplemental Table 1. Characterization of the Chloroplast Grana

from the 1.8, 2.0, and 3.3 Developmental Stages.

Supplemental Table 2. Ratios of the Geometric Means of GLI for

Pairs of Stages, Grana Consisting of Different Number of Membranes

(>2) Taken Together.

Supplemental Table 3. Ratios of the Geometric Means of GLI for

Pairs of Stages, Calculated Separately for Grana Consisting of

a Particular Number of Membranes.

Supplemental Table 4. Ratios of the Geometric Means of SRD for

Pairs of Stages, Grana Consisting of Different Number of Membranes

(>2) Taken Together.

Supplemental Table 5. Spearman Rank Correlations between the

Granum Height and Number of Membranes (When >2) for Subsequent

Stages.

Supplemental Table 6. Tendency of Grana for the Lateral or Vertical

Enlargement and Its Change in Subsequent Stage-to-Stage Transitions.

The following material has been deposited in the DRYAD repository under

accession number http://dx.doi.org/10.5061/dryad.fn203.

Supplemental Movie 1. Video Presenting the Dynamic Model of the

Chloroplast Biogenesis Based on the Electron Tomography Recon-

structions of Seven Subsequent Developmental Stages and on 2D

Theoretical Models.
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