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METHODOLOGY

Methodology: an optimized, high‑yield 
tomato leaf chloroplast isolation and stroma 
extraction protocol for proteomics analyses 
and identification of chloroplast co‑localizing 
proteins
Oindrila Bhattacharya  , Irma Ortiz   and Linda L. Walling* 

Abstract 

Background:  Chloroplasts are critical organelles that perceive and convey metabolic and stress signals to different 
cellular components, while remaining the seat of photosynthesis and a metabolic factory. The proteomes of intact 
leaves, chloroplasts, and suborganellar fractions of plastids have been evaluated in the model plant Arabidopsis, how-
ever fewer studies have characterized the proteomes of plastids in crops. Tomato (Solanum lycopersicum) is an impor-
tant world-wide crop and a model system for the study of wounding, herbivory and fruit ripening. While significant 
advances have been made in understanding proteome and metabolome changes in fruit ripening, far less is known 
about the tomato chloroplast proteome or its subcompartments.

Results:  With the long-term goal of understanding chloroplast proteome dynamics in response to stress, we 
describe a high-yielding method to isolate intact tomato chloroplasts and stromal proteins for proteomic studies. The 
parameters that limit tomato chloroplast yields were identified and revised to increase yields. Compared to pub-
lished data, our optimized method increased chloroplast yields by 6.7- and 4.3-fold relative to published spinach and 
Arabidopsis leaf protocols, respectively; furthermore, tomato stromal protein yields were up to 79-fold higher than 
Arabidopsis stromal proteins yields. We provide immunoblot evidence for the purity of the stromal proteome isolated 
using our enhanced methods. In addition, we leverage our nanoliquid chromatography tandem mass spectrometry 
(nanoLC–MS/MS) data to assess the quality of our stromal proteome. Using strict criteria, proteins detected by 1 
peptide spectral match, by one peptide, or were sporadically detected were designated as low-level contaminating 
proteins. A set of 254 proteins that reproducibly co-isolated with the tomato chloroplast stroma were identified. The 
subcellular localization, frequency of detection, normalized spectral abundance, and functions of the co-isolating 
proteins are discussed.

Conclusions:  Our optimized method for chloroplast isolation increased the yields of tomato chloroplasts eightfold 
enabling the proteomics analysis of the chloroplast stromal proteome. The set of 254 proteins that co-isolate with 
the chloroplast stroma provides opportunities for developing a better understanding of the extensive and dynamic 
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Background
Plastids control key metabolic processes central to 
cell vitality and function. Plastid forms, chemistry and 
molecular operations are dynamic and are influenced by 
developmental and environmental cues [1–5]. In young 
and mature green leaves, chloroplasts predominate and 
serve as the sites of many critical biological functions 
such as photosynthesis, carbon fixation, nitrogen and 
sulfur assimilation, chlorophyll biosynthesis and break-
down, and synthesis of a wide range of biomolecules (e.g. 
amino acids, fatty acids, lipids, tocopherols, carotenoids, 
purine and pyrimidine nucleotides, tetrapyrroles, and 
isoprenoids) [2, 6]. Furthermore, numerous plant hor-
mones (e.g., jasmonic acid, salicylic acid, gibberellic acid, 
abscisic acid, cytokinin, and brassinosteroids) with key 
roles in defense and development initiate their biosyn-
thesis in this organelle [3, 6].

The multi-copy, stroma-localized chloroplast genome 
encodes proteins that have critical roles in the control 
of chloroplast gene expression (e.g., transcriptional and 
translational machinery) and assembly of the multim-
eric complexes for photosystem I and II, as well as other 
functions [3, 7–9]. Surprisingly, of the 80–100 proteins 
encoded by the plant chloroplast genomes, relatively few 
directly contribute to the diverse metabolic paths active 
within this organelle. A majority of the proteins that con-
trol chloroplast gene expression, photosynthesis, protein 
turnover, and the chloroplast’s biochemical diversity are 
derived from nuclear genome-encoded proteins that are 
imported into the chloroplast [3, 10–12]. These imported 
proteins reside within one of the chloroplast’s membrane 
systems (e.g., the inner and outer membranes of the enve-
lope or the thylakoid membranes) or localize into one of 
its compartments (e.g., the stroma or lumen). The chlo-
roplast envelope not only forms a barrier between the 
cytosol and the stroma, it has integral membrane trans-
porters to mediate water, ion and metabolite transport to 
and from the stroma [13]. Furthermore, the chloroplast 
envelope harbors the protein transport machinery (e.g., 
the TIC and TOC complexes) that facilitates the import 
of thousands of proteins into the chloroplast [11, 12, 14]. 
This canonical path for protein import into the chlo-
roplast predominates and relies on N-terminal transit 
peptides to expedite precursor protein import into the 
chloroplast. However, there are non-canonical paths for 
protein entry into chloroplasts and other plastid forms 
[1, 15]. The massive influx of nuclear genome-encoded 

proteins is consistent with the cyanobacterial origins 
of chloroplasts, and the evolutionary trend for plastid 
genome reduction and relocation of genes from the plas-
tid genome to the nuclear genome for expression [16, 17].

Chloroplasts also play a central role in organellar com-
munication, as regulatory hubs capable of sensing and 
relaying changes in organellar and cellular homeostasis. 
Chloroplasts communicate with the nucleus via biogenic 
and operational signals to modulate nuclear gene expres-
sion during chloroplast biogenesis and in response to 
stress, respectively. This chloroplast-to-nucleus com-
munication (retrograde signaling) tightly coordinates 
cellular processes with chloroplast activities [5, 18–20]. 
Retrograde signals have been primarily studied in the 
model plant Arabidopsis thaliana. A wide variety of 
metabolites including adenosine derivatives [21], reactive 
oxygen species [22, 23], chlorophyll precursors [24–26], 
an isoprenoid precursor [27], oxidation products of beta-
carotene [28], and transcription factors [29, 30] have 
been shown to directly mediate retrograde signaling dur-
ing stress. Chloroplasts also have an intimate interaction 
with peroxisomes, mitochondria and the endoplasmic 
reticulum allowing metabolite exchange and rapid signal-
ing between these cellular compartments to orchestrate 
responses to cellular stress [31, 32].

We are at the threshold to understanding the plethora 
of retrograde signals being generated by the chloroplast, 
as this research space is in its infancy in model plants, 
as well as in crop plants. In tomato, a stroma-localized 
enzyme called leucine aminopeptidase A (LAP-A) con-
trols retrograde signaling after herbivory, wounding and 
methyl-jasmonate treatment [33]. LAP-A is critical for 
the activation of wound-response genes (e.g., proteinase 
inhibitors and polyphenol oxidase) and is a repressor for 
several pathogenesis-related protein genes and chaper-
ones [33, 34]. LAP-A is bifunctional—it is an aminopepti-
dase and a molecular chaperone [35–38]. By trimming 
N-terminal amino acids from stroma-localized proteins 
or peptides and/or maintaining the native folding sta-
tus of stromal proteins, LAP-A acts post-translationally 
to generate or maintain a retrograde signal. The LAP-A-
dependent retrograde signal is likely controlled by one or 
more of the estimated 3000 proteins imported into chlo-
roplasts or chloroplast genome-encoded proteins (the 
chloroplast proteome) [7]. Therefore, our laboratory is 
taking a multi-pronged proteomics approach to identify-
ing LAP-A substrates. Two of these strategies focus on the 

interactions of chloroplasts with other organelles. These co-isolating proteins also have the potential for expanding 
our knowledge of proteins that are co-localized in multiple subcellular organelles.

Keywords:  Solanum lycopersicum, Chloroplast isolation, Stroma, Soluble proteins, Proteomics
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analysis of the protein complement in the stroma of wild-
type, LapA-silenced and LapA-overexpressing plants and 
the changes in the stromal N-terminome by nanoLC-MS/
MS. These experiments in conjunction with the identifi-
cation of LAP-A-binding proteins should reveal the iden-
tity of the LAP-A-regulated retrograde signal.

Prior to embarking on the three proteomic-based strat-
egies, high-yielding methods for isolation of tomato chlo-
roplasts and stroma were needed. Methods for isolating 
chloroplasts of proteomics quality from Arabidopsis, 
pea, spinach, and several monocots have been described 
[39–46]. In addition, methods for tomato chromoplast 
isolation have been described and utilized in describ-
ing chromoplast transitions during fruit development 
[47–51]. In contrast, the methods for proteomics-grade 
tomato chloroplasts are limited [52]. Here we describe 
a protocol for isolating tomato chloroplasts and stro-
mal proteins for proteomics analyses. We empirically 
tested several parameters, which afforded marked yield 
increases in tomato chloroplasts and stroma for prot-
eomics analyses. We assess the quality of our tomato 
chloroplast stromal proteome by immunoblot analyses 
to monitor the presence of proteins from different chlo-
roplast subcellular compartments. We also provide the 
proteomics decision pipeline used for identifying stromal 
proteins and 254 proteins that reproducibly co-isolate 
with the tomato chloroplast stroma.

Materials and methods
Note: This protocol is scaled for three 60-g leaf chloro-
plast preparations.
Reagents for chloroplast and stroma isolation

Bovine serum albumin (BSA) (Sigma-Aldrich, cata-
log #A7030)
D-sorbitol (Sigma-Aldrich, catalog #S1876)
EDTA (Ethylenediaminetetraacetic acid; Sigma-
Aldrich, catalog #E9884)
Ficoll-400 (Sigma-Aldrich, catalog #F2637)
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid; Sigma-Aldrich, catalog #H3375)
MgCl2.6H2O (Sigma-Aldrich, catalog #M9272)
MnCl2 (Sigma-Aldrich, catalog #244589)
Percoll (GE Healthcare Life Sciences, catalog #17-
0891-01)
Poly(ethyleneglycol)-8000 (PEG-8000; Sigma-
Aldrich, catalog #1546605)
Potassium hydroxide (Sigma-Aldrich, catalog 
#221473)
Proteinase inhibitor cocktail for plant cell and tis-
sues extracts (Sigma-Aldrich, catalog #P9599). Store 
at − 20 °C until use.
Sodium ascorbate (Sigma-Aldrich, catalog #A7631)

Glassware, plasticware, consumables, and equipment 
for isolation of chloroplasts
Note: All glassware, plasticware, consumables, and 
equipment should be prechilled to 4 °C.

Graduated glass cylinders (one 1-L, one 500-mL, 
two 100-mL, one 50-mL, sterile)
Conical flasks (three 1-L, sterile)
Wide-mouthed glass funnels (three, sterile)
Beakers (one 1-L, one 2-L, four 500-mL, two 100-
mL, one 50-mL, sterile)
Glass bottles (one 500-mL, one 200-mL, one 50-mL, 
sterile)
Disposable screw-cap tubes (three 50-mL, three 
15-mL, sterile)
Nitex squares (six  12" x 12" squares, 60-μm or 
90-μm mesh)
Glass plates (two, for chopping leaves)
Test tube racks for 30-mL glass tubes (two, one must 
fit in ice bucket)
Glass centrifuge tubes (Corning) (twelve 30-mL, 
sterile)
Centrifuge bottles for a Beckman JS 5.3 rotor (four 
250-mL, sterile)
High-speed swinging bucket centrifuge, rotors and 
adaptors (Prechill at 4 °C)
Beckman-Coulter Avanti J-26 XP Centrifuge (Beck-
man-Coulter, catalog #393124)

JS 5.3 rotor (Beckman-Coulter, catalog #368690)
Adapters for 30-mL tubes (two, Beckman-Coulter, 
catalog #392076)
Rubber sleeves for 30-mL Corning centrifuge 
tubes (six, Corning, catalog #8441)

Adapters for 250 mL-centrifuge bottles (four, Beck-
man-Coulter, catalog #392077).

Aluminum foil
Nitrocellulose filters (0.45-μm; Thermo Fisher Sci-
entific, catalog #121-0045)
Blender and 250-mL cup (Waring, catalog #7012S 
and MC3, respectively)
Microcentrifuge tubes (three 2-mL, Axygen, catalog 
#MCT-200-C, sterile)
Ice buckets
Metal spatulas
Paint brushes (Ultra soft-tipped, #10)
Parafilm
Pasteur pipettes (six, sterile)
Pipetmen (P1000, P200, P20) and sterile tips
Pipettes (plastic, sterile; 5-mL and 10-mL)
Pipette pump for 10-mL pipettes (Bel-Art Products)
Razor blades
37 °C water bath
− 20 °C freezer
− 80 °C freezer
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Markers for labeling tubes and bottles

Glassware, plasticware, consumables, and equipment 
for isolation of stroma

Beakers (one 100-mL)
Amicon Ultra-2 Centrifugal Filter Unit with 
Ultracel-3 membrane (EMD Millipore catalog 
#UFC200324) (four, with one as a balance)
Microcentrifuge tubes (three 2-mL, Axygen, catalog 
# MCT-200-C, sterile)
Beckman-Coulter Avanti J-26 XP Centrifuge
JS 5.3 rotor; two adapters for 30-mL tubes (Beck-
man-Coulter, catalog #392076)
Rubber sleeves for 15-mL Corning centrifuge tubes 
(four, prechill at 4 °C)

Beckman-Coulter Optima™ MAX-TL Ultracentri-
fuge (Beckman-Coulter, Catalog #A95761)
TLA-100.3 fixed angle ultracentrifuge rotor (Beck-
man-Coulter, Catalog #349481) (Prechill 4 °C)
Polycarbonate ultracentrifuge tubes, 3.5-mL, thick-
walled (Beckman-Coulter, Catalog #349622) (three, 
prechill at 4 °C)

Microfuge (4 °C)
Microfuge tubes, 1.5-mL (12, sterile)
Disposable 15-mL tube (one, sterile)
Tissue grinder (Tenbroeck 2-mL capacity, Corning 
Life Sciences, part #7727-2)
Pipetmen (P1000, P200, and P20) and tips
Wide-bore 1-mL pipette tips: Using a razor blade, 
cut 2 mm off the tip of 1-mL pipetman tips. A mini-
mum of three wide-bore tips will be needed per 
chloroplast preparation. Wide-bore tips are stored 
in a 1-mL pipette-tip box and autoclaved.
Vortexer
Ice bucket
Marking pens for labeling and marking tubes

Stock solutions for chloroplast isolation (1 week 
in advance)
Note: For stock solutions for proteomics preparations, 
gloves are worn continuously to avoid common protein 
contaminants.

1 M HEPES–KOH (pH 8). Make 100 mL. Filter through 
a 0.45 µM filter into a sterile bottle.

0.5 M EDTA-NaOH (pH 8). Make 100 mL. Adjust pH 
with NaOH. Autoclave.

1 M MgCl2. Make 100 mL. Autoclave.
1 M MnCl2. Make 100 mL. Autoclave.
Percoll-PEG-Ficoll (PPF) stock: Autoclave 100  mL of 

Percoll in a 200-mL glass bottle and cool. To compensate 

for water loss after autoclaving, adjust Percoll volume to 
100  mL with sterile deionized water. The stock can be 
stored until the day of use. Three to four hr prior to use, 
add PEG-8000 to 3% (w/v) and Ficoll-400 to 1% (w/v) to 
the volume-adjusted Percoll. Mix well and store at 4  °C 
until use.

10X Percoll Gradient Buffer (PGB): Prepare 20  mL of 
10 X PGB (500 mM HEPES–KOH (pH 8), 3.3 M D-sorb-
itol, 20 mM EDTA (pH 8), 10 mM MgCl2, 10 mM MnCl2) 
in a 50-ml sterile bottle. Use the 1 M HEPES–KOH (pH 
8), 1 M EDTA, 1 M MgCl2, and 1 M MnCl2 stocks, and 
D-sorbitol. Place in a 37 °C water bath to dissolve sorbi-
tol. Add BSA and sodium ascorbate to a final concentra-
tion of 2.5% (w/v) BSA and 1% (w/v) sodium ascorbate. If 
needed, adjust volume with sterile water to 20 mL. Store 
at 4 °C until use.

Sterile deionized water: Three to four L for preparing 
working buffers and soaking Nitex squares. Store at 4 °C 
until use.

Working solutions for chloroplast preparation (day 
of chloroplast isolation)
1X Grinding Buffer (1X GB) (Make 4  h prior to leaf 
homogenization): In a sterile 2-L beaker, make two lit-
ers of 1X  GB (50  mM HEPES–KOH (pH 8), 330  mM 
D-sorbitol, 2  mM EDTA-NaOH (pH 8), 1  mM MgCl2, 
1 mM MnCl2, 0.25% BSA (w/v), and 0.1% (w/v) sodium 
ascorbate) using stock solutions of 1  M HEPES–KOH 
(pH 8.0), 0.5  M EDTA-NaOH (pH 8), 1  M MgCl2, and 
1  M MnCl2. Add D-sorbitol and mix thoroughly. Add 
BSA and sodium ascorbate. Transfer 10 mL of 1X GB to a 
50-mL beaker, cover with an aluminum foil cap and store 
at 4  °C. Cover the 2-L beaker with aluminum foil and 
transfer beaker to -20 °C for 4 h to produce an ice slush.

The 1:1 ice:liquid ratio is one of the key factors for 
recovering high yields of tomato chloroplasts. The 1X GB 
at -20 °C must be vigorously stirred with a sterile pipette 
periodically (immediately prior to leaf harvest, midway 
during leaf harvest and prior to tissue grinding) to obtain 
equal parts ice and liquid. After stirring, return 1X GB to 
-20 °C freezer.

1X HEPES-Sorbitol buffer (1X HS) (3–4  h prior to 
leaf homogenization): Make 500  mL of 1X HS (50  mM 
HEPES–KOH (pH 8), 330 mM D-sorbitol). Use the 0.5 M 
HEPES–KOH (pH 8.0) stock and add D- sorbitol to ster-
ile deionized water to a volume of 500  mL in a sterile 
500-mL bottle. Mix well and store at 4 °C until use.

Percoll step gradients (30 min prior to leaf homogeni-
zation): Using the PPF stock, 10X PGB, and sterile deion-
ized water, prepare 64 mL of 40% Percoll in 1X PGB and 
34  mL of 80% Percoll in 1X PGB in 100-mL beakers. 
Assemble six 40%-80% Percoll step gradients (two gra-
dients per 60-g leaf chloroplast preparation). Dispense 
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five mL of the 80% Percoll-1X PGB (80% Percoll cushion) 
at the bottom of six prechilled, 30-mL glass centrifuge 
tubes. Using a sterile 10-mL pipette and a 10-mL pipette 
pump, draw up 10  mL of the 40% Percoll-1X PGB into 
the pipette slowly; avoid air bubbles. Hold a 30-mL tube 
with its 80% Percoll cushion at a 45o angle; rest the tube 
base on the bench top if needed. Insert the pipette tip into 
the tube. The pipette is angled so the body of the pipette 
contacts the upper lip of the tube. Gently break the seal 
between the pipette pump and the pipette; this allows the 
40% Percoll solution to gently flow down the side of the 
tube in a thin stream and layer over the 80% Percoll cush-
ion forming a sharp well-defined interface. The pipette is 
gradually lifted as the 40% Percoll solution is delivered. 
It is critical that there is no mixing at the interface; an 
undisturbed 40–80% Percoll interface increases yields 
of intact chloroplasts, which are located at this interface 
after centrifugation. Cover the Percoll gradients with alu-
minum foil, place in test tube rack embedded in an ice 
bucket with ice slush and store in the cold room until use.

Nitex squares (1–2  h prior to leaf homogenization): 
Soak six Nitex filters in a 1-L beaker of sterile water prior 
to use and store at 4 °C.

Stock solutions for stroma isolation (1 week in advance)
500 mM HEPES–KOH (pH 8): Make 100 mL adjust pH 
with KOH pellets. Sterile filter into sterile 100-mL stor-
age bottle.

250 mM MgCl2: Make 100 mL and autoclave.
Sterile deionized water: < 100  mL for preparing work-

ing buffers and preparing Amicon filtration systems.

Plant growth
For one large-scale chloroplast preparation (~ 60  g), 
leaves from 18 five-week-old plants are harvested. 
Tomato seeds (Solanum lycopersicum UC82b) are sur-
face sterilized in 10% (v/v) bleach for 5  min. Following 
three 5-min washes in sterile water, seeds are placed on 
water-moistened Whatman #1 filter paper disc in petri 
dishes. Seeds are allowed to germinate for seven days at 
room temperature with 75 µmol m−2 s−1 light. Seedlings 
are transferred to UC Soil Mix 3 in flats with 18-section 
inserts (McConkey Growers Catalog # EJP1801-200) and 
grown in a growth chamber for four weeks at 28  °C for 
16  h (day) and 22  °C for 8  h (night). Lights were main-
tained between 350 and 450  μmol  m−2 s−1. Plants are 
watered daily and fertilized weekly with a 0.35% (w/v) 
MiracleGro Tomato Plant Food solution. Plants with 
three to four true leaves are used for chloroplast isola-
tion. Twenty-seven hours prior to the chloroplast isola-
tion, tomato plants are transferred to the dark to reduce 
starch. Starch-filled chloroplasts lyse and reduce yields of 
intact chloroplasts.

Chloroplast Isolation Protocol
General Comments
All stock solutions, buffers, equipment, glassware, and 
plastic ware are chilled (4  °C) prior to use. Solutions 
are autoclaved or sterile filtered. If chloroplasts are to 
be used for proteomics studies, all steps should be per-
formed wearing latex gloves. All steps of the protocol are 
carried out quickly in the cold room. An ice slush is used 
for chilling and transporting centrifuge bottles and tubes 
within ice buckets. This protocol is scaled for performing 
three 60-g leaf chloroplast preparations simultaneously.

To develop our chloroplast isolation protocols, we con-
sidered the published protocols for isolating tomato leaf 
chloroplasts for proteomics [52], protein import and bio-
chemistry [53, 54], and chloroplast genome isolation [55–
57], as well as methods for plastid isolation from tomato 
fruit [48–50, 58] (Additional file 1: Table S1). While pro-
toplasts clearly provide the highest chloroplast yields 
[59], the lengthy preparation times and use of cell wall 
hydrolyzing enzymes are disadvantageous to proteomics 
studies studying biotic stress, as this method generates 
cell wall-derived elicitors that could trigger plant-defense 
responses (Table 1). Our protocol primarily builds upon 
the Arabidopsis chloroplast isolation methods and stro-
mal protein isolation methods of van Wijk et al. [42] with 
several modifications as discussed here or in the  “Com-
ments” section. Figure 1 provides a flow chart that sum-
marizes the basic sequence of events for: (1) the isolation 
of tomato chloroplasts, (2) isolation of chloroplast stro-
mal proteins, and (3) proteomics sample processing and 
data analysis. In addition to the detailed protocols below, 
we provide a streamlined workflow checklist for chloro-
plast isolation that can easily be used for tracking steps 
(Additional file 2: Table S2). 

Prior to initiating this protocol, it is critical to empiri-
cally determine the optimal blender setting and duration 
of blending that will be used in “Tissue grinding” section. 
The 1X Grinding Buffer:blender cup volumes and the 
brand and settings of the blender used are critical param-
eters. The configuration of the blades and rotations per 
minute of the blades for each blender will be different. 
The blender settings are increased incrementally until the 
blades rapidly mix the 1X Grinding Buffer (ice slush) and 
leaves within the blender cup. If the setting is too low, 
inadequate homogenization will occur (e.g., supernatant 
is clear). If the setting is too high, chloroplasts will be 
sheared, the homogenate will be dark green and foamy 
and yields will be significantly reduced. In an optimal 
homogenization protocol, the homogenate is pale green 
and a substantial amount of leaf debris remains and is 
captured by the Nitex filter. While longer homogeniza-
tion times decrease the amount of leaf debris, chloro-
plast yields decline due to lysis of intact chloroplasts and 
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the percentage of intact chloroplasts was typically 14.6% 
(Table  1; leaf prep #1). Using short, optimized blending 
times, intact chloroplast yields increased 3.4-fold from 
5.6  µg to 19.2  µg Chl/g FW and the mean   % of intact 
chloroplasts increased 4.6-fold to 66.8% (Table  1; leaf 
prep #1 vs #2).

Additional parameters critical for high yields include: 
leaf age and texture, the tissue:buffer ratio, the amount of 
the ice to liquid ratio of the 1X Grinding Buffer. Similar 
to the Arabidopsis protocol [42] and unlike other tomato 
plastid preparations (Additional file 1: Table S1), we used 
a 1:10 tissue to buffer ratio to assure adequate buffering 
capacity and movement of tissue in the homogenization 
process. We also discovered that adding leaves in two 
sequential 7.5-g additions to 150  mL of buffer provided 
optimal homogenization. The high yields of this protocol 
are also dependent on the 1X Grinding Buffer having a 
1:1 ice:liquid ratio (see “Working solutions” section). The 
optimization of these steps increased yields to 4.7-fold 
from our initial protocol (Table 1; leaf prep #1 vs #3).

Leaf excision and processing (2 h prior to leaf 
homogenization)
Transfer dark-treated tomato plants into a room without 
direct light. Excise young leaves with a razor blade; thick 
and dark-green older leaves and damaged leaves (of any 
age) are not used. Using a razor blade and a glass plate 
as a cutting surface, remove the midrib from each leaflet; 
this step is critical for efficient homogenization. Quickly 
chop leaves into 2 × 2-cm pieces and transfer to alu-
minum foil sheets resting on ice in an ice bucket. To min-
imize tearing of leaves, change razor blades frequently 
to assure a clean cut. After collection of approximately 
15 gm of leaves (~ 4–5 plants), wrap the aluminum foil 

around the leaves and store the packet at 4 °C until pro-
cessing of all plants is complete. It takes two people 
approximately 2 h to process three 18-plant sets (~ 60 g 
leaves/set).

Tissue grinding (Time estimate ~ 45 min)
All steps are performed as quickly as possible in the cold 
room. Fit three wide-mouthed funnels with two pieces of 
Nitex (pre-wetted with water) and place funnel in each 
1-L flask.

Homogenize leaves in small batches to assure the opti-
mal amount of shear to release (but not damage) chlo-
roplasts. A 1:10 (w/v) tissue to 1 X GB buffer slush ratio 
is used. Add approximately 7.5  g of chopped, deveined 
leaves and 100  mL of 1X GB ice slush to a prechilled, 
250-mL stainless-steel blender cup. Cover the blender 
cup with an aluminum foil “cap” (for ease of handling) 
and homogenize for 2  s. Add the remaining 7.5  g of 
chopped, deveined leaves and 50 mL of 1X GB ice slush 
to the homogenate, stir with a metal spatula and homog-
enize for an additional 2  s. If tissue is limiting, the brei 
can be returned to the blender cup and homogenized 
with 50 mL 1 X GB ice slush for 2 s to increase yields.

Pour the homogenate through two layers of Nitex and 
collect in the 1-L flask. Repeat the homogenization pro-
cedure with additional 7.5-g samples until all leaf mate-
rial (~ 60 g) in a preparation is processed. Homogenates 
for each treatment are pooled and allowed to passively 
filter through Nitex. Meanwhile, rinse the blender cup 
with water and dry. Process the additional 60-g leaf prep-
arations immediately.

Gently squeeze the Nitex to recover residual buffer 
from the leaf debris. Approximately 250–300  mL of 
homogenate will be recovered per 60-g leaf preparation. 
Remove 20 mL of the homogenate to a 50-mL disposable 

Table 1  Chloroplast and stromal protein yields

a  The tomato leaf #1 chloroplast prep was performed prior to optimization of blender time and speed and ice slurry consistency. Leaf segments were added in two 
batches into the blender
b  The tomato leaf #2 chloroplast prep was performed with optimized blender time and speeds. Leaf segments were added in two batches into the blender
c  The tomato leaf #3 chloroplast prep was performed with optimization of blender time and speed and ice slurry consistency. Leaf segments were added in two 
batches into the blender

Preparation Chloroplast Yields 
(µg Chl/g FW)

Stromal Protein Yields (µg 
stromal protein/g FW)

Fold change (relative 
to tomato leaf #1)

References

Tomato leaf #1a 5.61 1.56 1 This paper

Tomato leaf #2b 19.15 5.3 3.4 This paper

Tomato leaf #3c 26.50 7.95 4.7 This paper

Tomato green fruit plastids 2.7 – 0.5 Suzuki et al. [51]

Arabidopsis protoplasts 50–100 – 8.9–17.8 Fitzpatrick and Keegstra [59]

Arabidopsis leaves 5 – 1.1 Fitzpatrick and Keegstra [59]

Arabidopsis leaves – 0.1–0.2 Hall et al. [46]

Spinach leaves 4–5 – 0.7–1.1 Rensick et al. [60]
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Prepare stock solutions and materials for chloroplast isolation and stroma extraction (days prior to initiation)

Place plants in dark room (one day prior to chloroplast isolation) 

Prepare working solutions and Percoll gradients (day of isolation). Chill to 4ºC.

Excise leaves and devein

Grind tissue, filter to clarify homogenate and centrifuge to collect chloroplast pellet

Recover intact chloroplasts using Percoll gradients

Wash intact chloroplasts, store at -20ºC until ready ready for stroma extractions

Prepare samples for proteomics (overnight 80% acetone precipitation or PAGE)

Trypsin digestion

2D-nano LC-MS/MS (2D nanoAcquity UPLC and Orbitrap Fusion MS)

Process raw data files using Proteome Discoverer 2.1 
Match MS data to tomato proteome ITAG2.4 and Atlas

• ATLAS predicted location of tomato protein
• Empirically determined localization of Arabidopsis homolog
• Information from PPDB, plprot and SUBA4 databases
• Functional bins obtained from MapMan and Mercator

Assign location to proteins (FDR 1%) using following parameters:

Determine chloroplast stromal proteome and non-chloroplast proteins.

Thaw chloroplasts and prepare Amicon filtration devices (day of stroma extraction)

Resuspend in lysis buffer and apply three strokes using the Tenbroeck homogenizer

Centrifuge samples to separate chloroplast membranes from soluble proteins

Ultracentrifuge samples to remove residual membranes

Concentrate samples using a 3-kDa filter, store at -20ºC

Prepare chloroplast lysis buffer and add to chloroplast pellet

Fig. 1  Flowchart of events for chloroplast isolation, stroma extractions and proteomics data generation and analyses. The major steps for 
chloroplast isolation (green), stroma extractions (yellow) and proteomics analyses (blue) are outlined and described in detail in “Materials and 
methods”



Page 8 of 21Bhattacharya et al. Plant Methods          (2020) 16:131 

tube and store at -20 °C for chlorophyll and protein analy-
ses. Pour approximately 200 mL of each homogenate into 
a prechilled, 250-mL centrifuge bottle (1 bottle per 60-g 
preparation). Balance bottles with 1 X GB as needed; use 
the extra centrifuge bottle as a balance. Centrifuge bot-
tles at 3800 g for 4 min at 4 °C in a JS 5.3 rotor in a Beck-
man-Coulter Avanti J-26 XP centrifuge. Immediately 
pour off each light-green supernatant into its own 500-
mL beaker and mark location of pellet. Add the remain-
ing homogenate to its corresponding crude chloroplast 
pellet. Balance bottles and centrifuge as described above. 
Pour the supernatant for each 60-g preparation into its 
corresponding 500-mL beaker. The green pellets contain 
both intact and broken chloroplasts and other cellular 
components. Faint white starch rings will be observed at 
the bottom of the bottle. In early stages of protocol opti-
mization, it is useful to quantify chlorophyll in the super-
natant (see “General comments” section). To this end, 
remove 10 mL of the supernatant to a 15-ml disposable 
tube and store at -20 °C for chlorophyll quantification.

Chloroplast recovery (Time estimate ‑ 1 h)
Add cold (4  °C) 1X GB (1.5 to 2 mL) to the chloroplast 
pellets. Use a paintbrush that is pre-wetted in cold 1X GB 
to gently resuspend the pellet until no clumps remain. At 
this point, the crude chloroplast suspension should be 
thin enough to drip off the tip of the paintbrush. Add an 
additional 0.5–1 mL of 1X GB and mix well. This dilutes 
the suspension, prevents chloroplast aggregation and 
facilitates sample loading onto the Percoll gradients, as 
well as assuring better separation of intact and broken 
chloroplasts.

Use two Percoll gradients for one 60-g chloroplast 
preparation to avoid over-loading the gradients. Use a 
wide-bore 1-mL tip and Pipetman (P1000) to gently over-
lay half of the crude chloroplast suspension onto a Percoll 
step-gradient (Fig.  2B). The gradient is placed in a test-
tube rack immersed in an ice slush bath. Repeat for addi-
tional samples. Transport the gradients in the ice bath to 
the high-speed centrifuge. Wipe the condensation off the 
tubes, place the tubes in prechilled 30-mL tube adaptors 
and rubber sleeves within the JS5.3 centrifuge. Centri-
fuge the gradients at 4200 g for 5 min at 4 °C. The rotor is 
stopped with the brake. Carefully transfer the gradients 
to the test-tube rack in the ice bucket.

Place a Percoll gradient in a rack on the cold room 
benchtop. Using a sterile Pasteur pipette and the in-
house aspiration system, gently remove as much of the 
aqueous upper layer and 40% Percoll layer as possible. 
The top layer contains cell debris and the aqueous-40% 
Percoll interface primarily contains broken chloroplasts. 
Avoid the bright green band at the 40%-80% Percoll 

interface; this band contains the intact chloroplasts. 
Using a P1000 and a wide-bore 1-mL tip, transfer the 
chloroplasts (> 1–2 mL) to a clean 30-mL centrifuge tube. 
Do not disrupt the starch pellet at the bottom of the tube. 
Repeat for the remaining gradients. To the six 30-mL 
tubes (two tubes per 60-g preparation), add 10 to 20 
volumes of chilled 1X HS buffer (approximately 20 mL). 
Seal the tube with parafilm and mix gently by inversion. 
Remove parafilm and place centrifuge tubes in the JS 5.3 
rotor using the 30-mL tube adaptors and rubber sleeves. 
Spin at 2400g for 2 min at 4  °C. Return the tubes to the 
cold room and carefully pour off the supernatant into a 
500-mL beaker and discard.

Gently resuspend the chloroplast pellet in 750 μL of 
cold 1X HS buffer using a P1000 and wide-bore 1-mL tip 
and transfer to a sterile 2-mL Axygen microfuge tube. 
Combine the two pellets from the same 60-g chloroplast 
preparation in a single 2-mL Axygen microfuge tube. 
Adjust the volume of chloroplasts to 2 mL with cold 1X 
HS buffer, mix gently by pipetting up and down. Store 
chloroplasts at − 20  °C until use. When establishing the 
protocol, it is important to remove samples (prior to 
freezing) to verify: (1) chloroplast integrity (50 μL), (2) 
assess yields by measuring chlorophyll levels (2–5 μL), 
and (3) determine proteins yields and the quality of chlo-
roplast subfraction by immunoblots (500 μL). Typical 
chloroplast yields are 26.5 µg Chl/g FW of tomato leaves 
(Table  1). Over 89% of the chloroplasts are intact using 
this protocol.

Stroma extraction protocol
General comments
This protocol is based on the 2007 van Wijk et  al. pro-
tocol [42] with two changes. First, the MgCl2 concentra-
tion was reduced from 5.0 mM to 2.5 mM; this facilitated 
better osmotic lysis of tomato chloroplasts. Second, a dif-
ferent proteinase inhibitor cocktail was used. The scheme 
for extraction of chloroplast stromal proteins is outlined 
in Fig. 1 and a worksheet for the protocol is provided in 
Additional file 2: Table S2. Typical yields of stromal pro-
tein were 7.95  µg protein/g FW tomato leaves (Table  1; 
leaf prep #3). A consistent relationship between chloro-
phyll and protein yields per g FW was seen in all stages of 
this protocol development with ~ 0.3 µg stromal protein/
µg Chl.

Preparatory steps
Chill rotors, adaptors and centrifuge tubes (One day 
prior to stroma extraction)

Prepare the Amicon Ultra 3 K filtration units (1 h prior 
to chloroplast lysis): Prepare the Amicon Ultra 3 K-filtra-
tion unit according to manufacturer’s recommendations. 
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Cellular debris
Broken chloroplasts

Intact chloroplasts

Starch granules 
and debris

40% Percoll

80% Percoll

b c

a
Pipette 
pump

10-ml pipette filled 
with 40% Percoll

80% Percoll 
cushion

Pipette contacts the 
mouth of the glass 

tube 

Break seal of pipette 
and pipette pump to 
allow slow delivery of 

40% Percoll  

Pipette tip is angled 
relative to tube and is 

above cushion.

Fig. 2  Isolation of tomato chloroplasts on Percoll gradients. a Minimal disturbance of the 40–80% interface is critical for high yields of intact 
chloroplasts. To assemble the Percoll gradient, a pipette containing 40% Percoll is angled relative to the tube and placed immediately above 
the 80% Percoll cushion. The seal of the pipette and pipettor is slowly broken allowing gentle layering of the 40% Percoll solution over the 80% 
Percoll cushion. The pipette is slowly moved up the tube allowing layering with minimal disturbance of the 40–80% Percoll interface. The 40% 
Percoll solution is indicated as grey circles. b The location of cellular debris, broken chloroplasts, intact chloroplasts, and starch granules in 40–80% 
Percoll-Ficoll-PEG step gradient after centrifugation is shown. c The integrity of freshly isolated chloroplasts in 1X HS buffer was assessed using the 
Leica SP5 confocal microscope using standard FITC filters at 40× magnification. Scale bar = 10 µm
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Add 2 mL of sterile deionized water to the Amicon Ultra 
3  K filter reservoir. The filter system is centrifuged at 
3800 g for 20–25 min at 4  °C in a JS 5.3 rotor using the 
30-mL rotor adaptor with sleeves for 15-mL tubes. At 
this time, approximately 300 µL of water will remain in 
the chamber; store unit on ice until the stromal extrac-
tion is completed. The last steps of Amicon filtration unit 
preparation are described in the protocol below.

Thaw chloroplasts (1  h prior to chloroplast lysis): 
Remove chloroplasts from -20 °C freezer and thaw on ice 
without agitation for 1 h.

Thaw the proteinase inhibitor cocktail (15  min prior 
to chloroplast lysis): Remove protease inhibitor cocktail 
from -20 °C freezer and thaw at room temperature.

Prepare the chloroplast lysis buffer (immediately prior 
to use): Prepare 5  mL of lysis buffer (10  mM HEPES–
KOH (pH 8), 2.5  mM MgCl2 and 1% (v/v) protease 
inhibitor cocktail) in sterile deionized water in a 15-mL 
disposable tube. Use the 1  M HEPES–KOH (pH 8) and 
1  M MgCl2 stocks. Immediately prior to use, add the 
thawed protease inhibitor cocktail. Store on ice until use.

Chloroplast lysis
Pellet thawed chloroplasts by centrifugation at 4  °C for 
5  min at 1200  g in a microfuge. Using a P1000, care-
fully remove and discard the supernatant. Resuspend 
the chloroplast pellet in 1 mL of chloroplast lysis buffer 
by vigorous vortexing (~ 1  min) at room temperature. 
Incubate the chloroplasts for 60 min on ice allowing the 
chloroplasts to swell and burst. Transfer the suspension 
to a 2-mL Tenbroeck tissue grinder. Apply three strokes 
with intermittent rotation of the piston. Transfer the sus-
pension to a 2-mL Axygen microfuge tube. Repeat with 
additional chloroplast preparations. Rinse the Tenbroeck 
tissue grinder between different chloroplast preparations.

Centrifuge the suspension at 4 °C for 20 min at 10,000 g 
in a microfuge to pellet chloroplast membranes. Trans-
fer the supernatant (stroma) to a 3.5-mL polycarbon-
ate ultracentrifuge tube. Freeze the pellet (membranes) 
at -20  °C for future analyses. Mark the lip of each tube 
with a marker and orient mark towards the outer rim 
of the rotor to facilitate locating the minute membrane 
pellet after ultra-centrifugation. Balance the ultracentri-
fuge tubes using chloroplast lysis buffer if needed. Cen-
trifuge the supernatant at 300,000 g for 20 min at 4 °C in 
a TLA-100.3 fixed-angle rotor using a Beckman Coulter 
Optima™ MAX-TL ultracentrifuge.

Complete preparation of the Amicon Ultra 3  K fil-
tration unit. Transfer the water in the chamber using a 
P1000 to a waste container (100-mL beaker). Transfer 
the filtrate in the unit’s reservoir to the waste container. 
Reassemble filtration unit and immediately load sample 
as directed below. Do not allow the filters to dry out.

Using a P1000, remove the supernatant (the stroma) 
avoiding the membrane pellet. Load the stroma 
(~ 850–900 µL) onto a prepared Amicon Ultra 3 K filter 
and centrifuge at 4000  g for 50  min at 4  °C in a JS5.3 
rotor with 30-mL adaptors and 15-mL rubber sleeves. 
Peptides and proteins with masses less than 3  kDa 
are recovered in the effluent and can be discarded or 
stored at -20  °C for future analyses of peptides. Invert 
the filtration device (per manufacturer’s instructions) 
and centrifuge for 2  min at 1000  g at 4  °C to recover 
the stromal proteins with masses greater than 3  kDa. 
Approximately 250 µL of stroma is typically recovered. 
Transfer stroma to a 1.5-mL microfuge tube. Store 
stromal extracts at -20  °C until use. Prior to freezing, 
remove a 2-µL sample for protein quantification. When 
characterizing the system, larger samples were taken 
for protein isolation and characterization by SDS-
PAGE and immunoblots.

Protein extraction, quantification and immunoblots
Proteins from total leaf extracts, intact chloroplasts, and 
stromal and non-soluble chloroplast proteins were iso-
lated using the methods described in [61]. Proteins were 
quantified by a modified Bradford assay (BioRad Labora-
tories Inc., Hercules, CA) using bovine γ-globulin stand-
ard (BioRad) as described in [62]. Proteins were resolved 
on 12% SDS polyacrylamide gels by electrophoresis and 
the gel was silver-stained according to [61]. For immu-
noblots, proteins were transferred to Whatman Protran 
BA85 nitrocellulose membranes.

For immunoblots with stromal heat shock protein 
70 (HSP 70), light-harvesting chlorophyll a/b protein 
(LHCP) and oxygen-evolving complex 23 (OEC 23) anti-
sera, membranes were blocked with 5% milk in TTBS 
(0.6% Tween-20, 20 mM Tris–HCl (7.5), 500 mM NaCl) 
for 1 h. Membranes were washed three times with TTBS 
and incubated for 1 h with primary antisera and subse-
quently washed three times with TTBS. Antisera were 
diluted as follows: HSP 70 (1:10,000), OEC 23 (1:10,000), 
and LHCP (1:20,000). The goat anti-rabbit IgG second-
ary antiserum with horseradish peroxidase label (Pierce) 
was diluted 1:50,000 in TTBS. Membranes were incu-
bated with the secondary antiserum for 1 h, and washed 
three times in TTBS; chloroplast marker-protein blots 
were then washed once with 1X TBS for 5  min. Mem-
branes were incubated for 5 min with SuperSignal West 
Pico Chemiluminescent Substrate per vendor recom-
mendations (Thermo Scientific). The HSP 70 antiserum 
was raised against gel-purified HSP70 isolated from pea 
chloroplast stroma [63]. The LHCP antiserum was raised 
against purified pea LHCP II [64]. The OEC23 antise-
rum was raised against recombinant pea OE23 recov-
ered from inclusion bodies (Kenneth Cline, personal 
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communication) used in [65]. All antisera were provided 
by Kenneth Cline (U Florida).

For immunoblots with the cytosolic ribosomal protein 
S6 (RPS6) antiserum [66], membranes were blocked with 
5% milk in PBS (1% Tween-20, 100 mM Na2HPO4.7H2O, 
14  mM KH2PO4, 26.8  mM KCl, 1.37  M NaCl) for 1  h. 
Membranes were washed three times with PBS. Blots 
were incubated for 1  h with primary antisera (1:5000 
dilution) and subsequently washed with three times with 
PBS. The remaining steps of immunoblot processing was 
similar to that used for HSP70, OEC23, and LHCP, with 
the exception that PBS was used instead of TTBS. The 
RPS6 polyclonal antiserum was prepared against recom-
binant maize RPS6 produced in Escherichia coli and pro-
vided by Julia Bailey Serres (UC Riverside).

Chlorophyll measurements
Chlorophyll was extracted from samples using acetone 
and concentrations were determined as by Lichtenthaler 
[67].

Microscopy
Freshly-isolated chloroplasts were visualized using the 
Leica SP5 confocal microscope using standard FITC fil-
ters at 40× magnification at the UC Riverside Microscopy 
and Imaging Core. The number of intact and ruptured 
chloroplasts in a field were counted and the percentage of 
intact chloroplasts calculated.

Proteomics analysis
Five stromal protein samples (100 µg) from independent 
experiments were precipitated in 80% acetone, washed 
in 100% methanol and dried. Protein pellets were resus-
pended in 100 µL trypsin solution (10  µg/mL trypsin, 
50 mM ammonium bicarbonate (pH 8), 10% acetonitrile) 
and incubated at 37 °C overnight.

To enhance identification of less abundant stromal 
proteins, three independent stromal protein prepara-
tions (100 µg) were fractionated by 12% SDS-PAGE and 
stained with Coomassie Blue R-250 [68, 69]. The gel sec-
tion containing the most abundant proteins (50–70 kDa) 
was excised and discarded. Three gel sections with pro-
teins of  > 70 kDa, 50 kDa to 20 kDa, and < 20 kDa, respec-
tively, were collected, minced, destained with 50  mM 
ammonium bicarbonate in 50% acetonitrile, dehydrated 
with 100% acetonitrile, and air-dried. These dry-gel 
samples were soaked with sufficient volume of trypsin 
solution (10  µg/mL trypsin, 50  mM ammonium bicar-
bonate, pH 8) and incubated overnight at 37  °C. After 
trypsin digestion, the five acetone-precipitated and three 
gel-extracted stromal protein samples were analyzed by 
nanoLC-MS/MS.

A MudPIT approach was employed to analyze the 
trypsin-treated samples and details are provided in [70]. 
Briefly, a two-dimension nanoAcquity UPLC (Waters, 
Milford, MA) and an Orbitrap Fusion MS (Thermo Sci-
entific, San Jose, CA) were configured to perform online 
2D-nanoLC-MS/MS analysis. 2D-nanoLC was operated 
with a 2D-dilution method that is configured with nano-
Acquity UPLC. The first dimension LC fractionation used 
20  mM ammonium formate (pH 10) and acetonitrile. 
Five fractions were eluted using 13%, 18%, 21.5%, 27%, 
and 50% of acetonitrile. The second dimension nanoU-
PLC method was described previously [70].

Orbitrap Fusion MS method was based on a data-
dependent acquisition (DDA) survey using a nanoESI 
source as described in [68]. Orbitrap mass analyzer was 
used for the MS1 scan. For the MS2 scan, the Ion-Trap 
mass analyzer was used in a rapid scan mode. Only pre-
cursor ions with intensity 10,000 or higher were selected 
for MS2 scan. Sequence of individual MS2 scanning 
was from most-intense to least-intense precursor ions. 
Higher-energy CID (HCD) was used for fragmentation 
activation, quadrupole was used for precursor isolation 
and MS2 mass range was set auto/normal with first mass 
set at 120 m/z.

The raw MS files were processed and analyzed using 
Proteome Discoverer version 2.1 (Thermo Scientific, 
San Jose, CA). Sequest HT search engine was used to 
match all MS data to the deduced proteome of tomato 
(ITAG2.4) and our tomato protein Atlas (see below). 
The search parameters were the following: trypsin with 
two missed cleavages, minimal peptide length of six 
amino acids, MS1 mass tolerance 20  ppm, MS2 mass 
tolerance 0.6  Da, and variable modifications included 
Gln → pyro-Glu (N-term Q), oxidation (M), and N-ter-
minal acetylation.

Proteins were identified using the deduced tomato 
proteome [71] based on the criteria detailed in Bhat-
tacharya et al. [68] (Fig. 1). Briefly, all identified proteins 
(1% FDR) were manually curated. Five independent pro-
tein localization algorithms (ChloroP, TargetP, Predotar, 
WolfPSort, and YLoc) were used to assemble a tomato 
plastid protein dataset (Atlas) [72–76], which was used to 
predict subcellular localization of tomato proteins [68]. 
Based on Arabidopsis homologs, putative localizations 
of tomato proteins were inferred by the Plant Proteome 
Database (PPDB; http://ppdb.tc.corne​ll.edu/) [77], the 
Plastid Protein Database (plprot; http://www.plpro​t.ethz.
ch/) [78], and Subcellular Localization Database for A. 
thaliana (SUBA4; http://suba.live/) [79]. Data from the 
primary literature and/or The Arabidopsis Information 
Resource site (TAIR; https​://www.arabi​dopsi​s.org/) [80], 
and Mercator and Mapman BIN ontologies (http://www.

http://ppdb.tc.cornell.edu/
http://www.plprot.ethz.ch/
http://www.plprot.ethz.ch/
http://suba.live/
https://www.arabidopsis.org/
http://www.plabipd.de/portal/mercator-sequence-annotation/
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plabi​pd.de/porta​l/merca​tor-seque​nce-annot​ation​/) [81] 
also aided in protein curation.

Peptide spectral matches (PSMs) and frequency of 
detection in tomato eight stromal samples were a first 
criteria for inclusion/exclusion of the tomato chloroplast 
stromal proteome. Proteins that were detected once with 
1 PSM, identified with a single peptide (≥ 2 PSM) or spo-
radically identified (in less than 40% of the samples ana-
lyzed and ≥ 2 PSM) were removed from consideration; 
the exceptions were proteins that had empirical evidence 
for residence within the chloroplast. Proteins that repro-
ducibly co-isolated with tomato chloroplast stromal pro-
teins were identified. These proteins were predicted to 
reside in other organellar compartments by the tomato 
protein Atlas and/or had Arabidopsis homologs that had 
empirical data for a non-plastid localization.

Relative protein abundance was calculated based on 
normalized spectral abundance factors (NSAF) [82, 83]. 
The spectral abundance factor (SAF) was calculated for 
each protein. The SAF is the PSMs divided by the num-
ber of amino acid residues in a protein. The NSAF is cal-
culated by dividing the SAF for an individual protein by 
the sum of SAFs for all proteins (1% FDR) and multiply-
ing by 103.

Comments
Overview of the tomato chloroplast isolation method
Numerous methods for isolation of intact plastids and 
sub-fractionation of chloroplast compartments for pro-
teomics studies in Arabidopsis populate our literature 
today [42, 46, 84]. In addition, robust methods have 
been developed for isolation of metabolomics- and pro-
teomics-grade chromoplasts of tomato fruit [47–51, 58] 
(Additional file  1: Table  S1). While protocols for isolat-
ing chloroplasts for DNA isolation, enzymatic assays 
and protein import assays have been described [53–57, 
85], rather surprisingly, few chloroplast large-scale pro-
teomics studies have been reported for tomato leaves 
[52] (Additional file 1: Table S1). Therefore, a high-yield 
method for intact chloroplast isolation and methods for 
recovery of the membrane and stromal fractions of chlo-
roplasts for proteomics analyses for tomato was needed.

Our protocol for chloroplast isolation builds upon 
methods developed for Arabidopsis chloroplasts [42] 
and incorporates many recommendations from founda-
tional studies in spinach and pea [86, 87]. Our methods 
for proteomics-grade tomato chloroplasts are more simi-
lar to those used by van Wijk et al. [42] for Arabidopsis 
than the methods previously developed for isolation of 
chloroplasts from tomato leaves and chromoplasts from 
tomato fruit, as we used a tissue to buffer ratio of 1:10 
and Percoll-Ficoll-PEG step gradients, which had not 

been previously used for tomato chloroplast isolation 
(Additional file 1: Table S1). However, unlike the Arabi-
dopsis protocol, our tissue grinding buffer: (1) did not 
use the anti-oxidant cysteine; (2) included 1 mM MgCl2 
and 1  mM MnCl2 similar to several tomato protocols, 
and (3) included fivefold higher BSA (0.25%). The general 
scheme for chloroplast isolation, stroma extraction and 
proteomics processing and data analysis are provided in 
Fig. 1 and detailed interactive workflow sheets are found 
in Additional file 2: Table S2.

Briefly, the deveined tomato leaf homogenate is cen-
trifuged; the pellet contains both intact and broken 
chloroplasts. This pellet is carefully resuspended and 
overlaid on the 40%-80% Percoll-Ficoll-PEG step gra-
dient (Fig.  2a). Intact chloroplasts are found at the 40% 
and 80% Percoll interface (Fig.  2b). Broken chloroplasts 
and debris are located at the aqueous/40% Percoll inter-
face and starch is located below the 80% Percoll layer. It 
is clear based on the size of the bands at the two inter-
faces (Fig. 2b), a majority of chloroplasts recovered from 
our protocol are intact. Microscopic examination of the 
40%-80% interface band shows high-quality intact chlo-
roplasts with over 89% of intact chloroplasts (Fig. 2c).

In the process of refining our chloroplast stroma iso-
lation method, we discovered several parameters that 
markedly increased tomato chloroplast yield. First, only 
young, undamaged leaves from 4- to 5-week old tomato 
plants are used. These leaves are tender and many are 
expanding and therefore provide best yields. Second, sev-
eral parts of the homogenization protocol are critical for 
high-yields and intact chloroplasts. We found that the 
slurry status of the 1X Grinding Buffer (1 part ice: 1 part 
liquid) enhanced the yield of intact chloroplasts (Table 1). 
If the Grinding Buffer is too watery, there is excess chlo-
roplast breakage and stroma is lost; if the buffer is too icy, 
there is insufficient cell breakage and chloroplasts are not 
released. Third, the volume of tissue and buffer relative 
to the blender cup size is critical. If the blender cup is too 
full, insufficient homogenization occurs; not full enough, 
foaming (protein denaturation) and excess plastid break-
age occurs. Fourth, as well established in the literature 
[87], the duration of the blender pulse is critical and 
empirical determination of the optimal blender settings 
are essential. We found that two 2-sec blender pulses 
released tomato cell content and retained chloroplast 
integrity. Another unique feature of our method is that 
additional leaf tissue was added after the first 2-sec pulse. 
Unlike the van Wijk et al. method [42], MgCl2 and MnCl2 
are often included in homogenization/grinding buff-
ers, as these ions are important for recovery of biologi-
cally active chloroplasts [87] (Additional file 1: Table S1). 
Finally, we also found that by decreasing MgCl2 in the 

http://www.plabipd.de/portal/mercator-sequence-annotation/
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chloroplast lysis buffer from 5 mM [42] to 2.5 mM MgCl2 
a more complete osmotic rupture of tomato chloroplasts 
was achieved. With these modifications, typical chlo-
roplast protein yields from tomato leaves yielded 0.3 
μg stromal protein per μg of total chlorophyll, with the 
recovery of ~ 8  µg stromal protein/g FW tomato leaves 
(Table 1); this is 79-fold higher than the stromal protein 
yields reported by Hall et al. [46].

Integrity of proteins and immunoblot analysis of the stromal 
chloroplast fractions
To evaluate the integrity of proteins in the leaf homogen-
ate, intact chloroplasts and in the non-soluble and stro-
mal fractions after chloroplast rupture, proteins were 
fractionated by 12% SDS-PAGE and silver stained (Fig. 3). 
Proteins ranging from over 150 kDa to under 20 kDa were 
resolved indicating the high quality of proteins recovered 
at different stages in the tomato leaf chloroplast protocol. 
The purified chloroplast extracts were enriched for a sub-
set of the proteins in the total leaf extracts (Fig. 3a). Fur-
thermore, a majority of the abundant proteins found in 

intact chloroplasts were also present in the non-soluble, 
membrane fraction after chloroplast lysis. In contrast, the 
stromal protein fraction is distinct with a small number 
of superabundant proteins in the 58- to 77-kDa range.

To evaluate the efficacy of our chloroplast and stroma 
isolation methods, we determined the levels of three pro-
teins that are known to reside in the chloroplast stroma 
(heat shock protein 70; HSP70), lumen (oxygen evolving 
complex 23; OEC23), and thylakoid membranes (light 
harvesting complex proteins; LHCP), as well as one cyto-
solic protein (ribosomal protein S6; RPS6). In immuno-
blots, all four proteins were readily detected in total leaf 
extracts (Fig. 3b). While HSP70, OEC23 and LHCP were 
detected in isolated chloroplasts, the abundant cytosolic 
RPS6 was below the level of detection. It should be noted 
that while this antiserum had high specificity for the 
30-kDa RPS6 in maize roots [66], numerous cross-reac-
tive proteins were detected in tomato leaves. However, 
the 30-kDa RPS6 was the most strongly detected protein 
and was only identified in leaf homogenates (total leaf 
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Fig. 3  Silver-stained SDS–polyacrylamide gels and immunoblots with protein fractions from the chloroplast stroma isolation protocol. Total leaf 
proteins (homogenate), intact chloroplasts (from the 40–80% Percoll interface), and non-soluble membranes and stromal proteins released after 
osmotic lysis of chloroplasts are shown. a Equal amounts of protein (1 µg) from each fraction were loaded onto 12% SDS–polyacrylamide gels and 
silver stained. Masses of molecular weight markers are shown in kDa. b Protein blots were incubated with antisera to proteins known to reside in 
different chloroplast subcellular compartments and the cytosol. Due the differences in abundance of each protein in the different protein fraction 
and an antisera’s ability to detection tomato proteins, different amounts of protein were loaded per lane: stromal heat-shock protein 70 (HSP70; 
12.5 µg), lumenal oxygen-evolving complex (OEC23; 1 µg), thylakoid membrane protein light-harvesting complex (LHCP; 1 µg), and cytosolic 
ribosomal protein S6 (RPS6; 50 µg). The RPS6 antisera cross-reacts with several tomato proteins. The 30-kDa RPS6 protein is solely found the total leaf 
homogenate; several of its cross-reacting proteins are enriched during the steps used for chloroplast stromal protein isolation. The mass (kDa) of 
each protein is shown
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protein). These immunoblot data indicate that the chlo-
roplasts are largely free of cytosolic protein contamina-
tion. Our proteomics data also supports this result as the 
cytosolic RPS6 was detected in two of our eight samples 
with one unique peptide (Additional file 3: Table S3).

Comparison of the non-soluble and stromal protein 
fractions from isolated chloroplasts showed that the 
thylakoid-associated LHCP was detected only in the non-
soluble fraction, which is enriched for chloroplast mem-
branes including the thylakoid membrane and envelope’s 
inner and outer membranes (Fig.  3b) [88, 89]. Small 
amounts of the lumenal OEC23 were also detected in the 
non-soluble fraction, consistent with OEC23 being an 
extrinsic protein that associates with OEC33 and OEC16 
at the thylakoid membrane for their role in oxygen evolu-
tion [90, 91].

Both stromal- and lumen-localized proteins (HSP70 
and OEC23, respectively) were detected in the stromal 
protein samples via immunoblots [90–92]. These data 
suggested that the stromal extract contained soluble 
lumenal proteins. The chloroplast lumenal proteome is 
not complex ranging from 80 to 200 proteins [93–95]; 45 
proteins designated as thylakoid peripheral or lumenal 
proteins in PPDB [77] were detected in the stromal pro-
teome, representing 3.5% of the stromal proteome [68].

NanoLC‑MS/MS analysis identifies 254 non‑plastid 
co‑isolating proteins in the chloroplast stromal proteome
We analyzed a total of eight stromal chloroplast protein 
samples by nanoLC-MS/MS (Fig.  1). In five samples, 

proteins were acetone precipitated. Three other protein 
samples were fractionated by SDS-PAGE to remove the 
superabundant chloroplast proteins in the 50–70  kDa 
range. Proteins were trypsin digested and analyzed by 
nanoLC-MS/MS. We identified a total of 2186  proteins 
(FDR 1%) in tomato’s stromal proteome (Fig.  4) [68]. 
Manual curation of these proteins was performed using 
our tomato chloroplast protein Atlas [68], which pre-
dicted tomato protein localization using five published 
algorithms [72–76]. In addition, TAIR and three protein 
databases (PPDB, plprot and SUBA4) provided theoreti-
cal predictions and/or empirical data of the Arabidopsis 
homolog’s location [77–80].

In the eight stromal samples, 396 proteins were 
detected once with 1 PSM. Of these proteins, 83 proteins 
were known to be located within the chloroplast. The 
remaining 313 proteins had no evidence for chloroplast 
localization and were classified as low-level contaminants 
and were removed from further consideration (Fig.  4). 
Using conservative criteria to identify stromal proteins, 
we removed 172 proteins identified by one unique peptide 
(Additional file 3: Table S3; Fig. 4). These proteins had no 
empirical data to support their localization in the chloro-
plast based on Arabidopsis homologs (PPDB, plprot and 
SUBA4 evidence) or the tomato chloroplast protein Atlas. 
In addition, 144 proteins were identified by more than one 
peptide but were detected sporadically (one to three times 
in our eight samples); these proteins were designated as 
low-level contaminants and not considered further (Addi-
tional file 4: Table S4; Fig. 4). In some cases, the PSMs for 

Total proteins detected (1% FDR)
2186 proteins

Proteins detected once by 1 PSM
396 proteins

Proteins detected by more than 1 PSM
1790 proteins

Not chloroplast
313 proteins

Chloroplast
83 proteins

Stroma
1220 proteins

1 unique peptide
172 proteins

Sporadic
144 proteins

CIPs
254 proteins

Total stromal proteome
1303 proteins

Fig. 4  Classification of 1% FDR proteins identified in tomato chloroplast stromal extracts. The 2186 proteins identified in the tomato chloroplast 
stromal extracts are shown based on their designated categories. The chloroplast stromal proteome has 1303 chloroplast proteins [68]. There were 
254 co-isolating proteins (CIPs) that were reproducibly detected. Finally, proteins that were considered contaminants were detected: (1) once with 
one PSM, (2) with a single peptide (≥ 2 PSMs), or (3) sporadically (≥ 2 PSMs)
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the sporadically identified proteins were high. For exam-
ple, a cytosolic HSP70 protein was detected twice in eight 
samples with a total of 54 PSMs. A summary of the sub-
cellular localization of the proteins identified by one pep-
tide and the sporadically identified proteins is provided 
in Table 2. Their distribution in the cytosolic, endomem-
brane, nuclear, mitochondrial, peroxisomal, and plasma 
membrane compartments was similar.

Of the remaining 1557  identified proteins (FDR 1%), 
our analyses indicated that there were 1303 high-confi-
dence proteins in the stromal chloroplast proteome [68] 
and there were 254 reproducibly detected, co-isolating 
proteins (CIPs), which we discuss here (Additional file 5: 
Table S5; Fig. 4). These CIPs could: (1) be reflective of the 
inadvertent co-isolation of small quantities of other orga-
nelles; (2) report the extensive and dynamic interactions 
of chloroplasts with other organelles (e.g., the endoplas-
mic reticulum, peroxisomes, mitochondria, and nucleus) 
[31, 96–104] or (3) provide empirical evidence for dual 
localization of novel proteins in chloroplasts and another 
organelle.

We assessed the frequency of detection, abundance, 
and putative localization of the 254 CIPs (Additional 
file 5: Table S5). All 254 proteins were detected in three 
or more acetone samples (60–100% reproducibility) and/
or two or more PAGE samples (67–100% reproducibility) 
(Additional file 5: Table S5). For example, 101 of the CIPs 
(39.8%) were detected in all five acetone samples and 43 
of these proteins were detected in all eight samples.

To evaluate the relative abundance of each CIP, we used 
a protein’s normalized spectral abundance factor (NSAF) 

[82, 83]. The NSAF was calculated using the SAF (spec-
tral abundance factor) for a protein, which is the number 
of PSMs divided by the number of amino acid residues for 
the protein of interest. The protein’s SAF is divided by the 
sum of all SAFs for all 2186 proteins detected in our stud-
ies. The NSAF for the 254 CIPs ranged from 0.01 to 2.25 
and CIPs in different organelles had different abundances 
based on their NSAF ranges (Fig.  5; Additional file  5: 
Table S5). For perspective, the range of SAFs for the 2186 
tomato proteins was from 0.0002 for proteins with 1 PSM 
to 3.67 for the most abundant protein detected in our eight 
samples (ribulose-1,5-bisphosphate carboxylase) [68].

The predicted subcellular localization of CIPs was 
imputed based on the tomato chloroplast Atlas, which 
provided predictions of the locations of the 254 tomato 
CIPs (Additional file 5: Table S5). In addition, the PPDB, 
plprot, and SUBA4 databases provided empirical evi-
dence for Arabidopsis CIP homolog locations. Collec-
tively these data indicated that a majority of the tomato 
CIP proteins were predicted to reside in the cytosol 
(36.2%), endomembrane system (17.7%), mitochon-
drion (20.5%), or nucleus (14.6%) (Fig.  5, 6; Table  2). 
Three of Arabidopsis homologs (At4g26530, At5g63840, 
and At5g09590) of the tomato CIPs (Solyc07g065900, 
Solyc04g049070, and Solyc01g106210, respectively) had 
empirical evidence for a chloroplast location (Additional 
file 5: Table S5). However, all three of these Arabidopsis 
proteins were also detected in other subcellular locations 
and the tomato Atlas did not predict a chloroplast locali-
zation, hence the classification as tomato CIPs. Finally, 
our analyses also suggested that WoLF PSORT may be 

Table 2  Comparison of deduced protein localization for the 254 co-isolating proteins, proteins detected by one unique 
peptide, and sporadically identified proteins

a  Based on predictions for the localization of the the tomato proteins by TargetP, ChloroP, Predotar, WoLF PSORT, and YLoc and the known localization (PPDB, plprot, 
SUBA4) and functions of Arabidopsis homologs proteins (TAIR); the locations of some proteins had multiple subcellular locations or their location could not be 
inferred
b  The identity and putative locations of the proteins that reproducibly co-isolated (CIPs) with the tomato chloroplast stroma are found in Additional file 5: Table S5
c  The identity and putative locations of the proteins identified by a single unique peptide are found in Additional file 3: Table S3
d  The identity and putative locations of the proteins that were sporadically identified in the chloroplast stroma are found in Additional file 4: Table S4

Locationa Co-isolating proteinsb “1 unique peptide” proteinsc “Sporadically identified” proteinsd

# proteins % % total 
proteins 
identified

# proteins % % total 
proteins 
identified

# proteins % % total 
proteins 
identified

Cytosol 92 36.22 4.21 59 34.10 2.70 52 36.11 2.38

Endomembrane 45 17.72 2.06 25 14.45 1.14 27 18.75 1.24

Mitochondrion 52 20.47 2.38 25 14.45 1.14 21 14.58 0.96

Nucleus 37 14.57 1.69 32 18.50 1.46 30 20.83 1.37

Peroxisome 19 7.48 0.87 5 2.89 0.23 4 2.78 0.18

Plasma membrane 4 1.57 0.18 9 5.20 0.41 1 0.69 0.05

Unknown/Multiple 5 1.97 0.23 17 9.83 0.78 9 6.25 0.41

Total 254 100.00 11.62 172 99.42 7.87 144 100.00 6.59
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a liberal predictor for tomato protein localization in the 
plastid. WoLF PSORT predicted 62 of the 254 CIPs as 
chloroplast localized. This prediction was not supported 
by empirical data for the Arabidopsis CIP homologs, as 
31 of these Arabidopsis homologs had a non-chloroplast 
location (Additional file 5: Table S5).

Embedded  within the cytosol, contamination of chlo-
roplasts with abundant cytosolic proteins is antici-
pated. Accordingly, 92 CIPs with a putative location in 

the cytosol were identified (Table  2, Additional file  5: 
Table S5). The most abundant CIP detected in our pro-
teome was the cytosolic phosphoglycerate kinase (PGKc; 
Solyc07g066600), which was detected in all eight sam-
ples and had a total of 235 PSM (Fig. 5; Additional file 5: 
Table  S5). The reason(s) for PGKc co-isolation with 
tomato’s stromal chloroplast proteins is currently not 
known. PGKc is important for glycolysis/gluconeogen-
esis in the cytosol [105]. In pea, PGKc co-localizes with 
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Fig. 5  The spectrum of normalized spectral abundance factors (NSAFs) for CIPs with predicted subcellular locations. CIPs predicted to be localized 
in the cytosol, peroxisome, nucleus, mitochondrion, and endomembrane system are shown. The number of times a protein was detected was 
plotted against the protein’s NSAF. Each circle represents a single protein. Protein identities, NSAF values and number of times detected can be 
found in Additional file 4: Table S4
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glyceraldehyde-3-P-dehydrogenase, triose-P-isomerase 
and aldolase providing an opportunity for direct chan-
neling of substrates between the enzymes [106]. How-
ever, these additional enzymes were not identified as 
stromal CIPs suggesting that this complex does not exist 
in tomato or the protein associations are labile.

Of the remaining cytosolic CIPs, proteins associ-
ated with numerous functions were identified. The dis-
covery of the tomato ankyrin-repeat (AKR) protein 
(Solyc01g104170) as a CIP was not surprising. The Arabi-
dopsis AKR2A homolog (At2g17390) works with a cyto-
solic HSP17 to target membrane proteins to the plastid 
outer membrane [107–109]; however, the tomato cyto-
solic HSP17 homolog was not detected in any of our stro-
mal samples. The most highly represented cytosolic CIPs 
were those associated with translation, with four elonga-
tion factors, two initiation factors, two ribosomal protein 
subunits, and five tRNA synthetases (Additional file  5: 
Table  S5). When the lists of sporadically identified pro-
teins and proteins identified with one unique peptide were 
examined, an additional 38 ribosome subunits, five initia-
tion factors and three elongation factors were also identi-
fied (Additional file 3: Table S3, Additional file 4: Table S4).

Chloroplasts, peroxisomes, and mitochondria par-
ticipate in the photorespiratory pathway that catabolizes 
the products produced by the oxygenation reaction of 
ribulose-1,5-bisphosphate carboxylase [110]. Electron 
microscopy and in situ laser analyses have shown that in 
the light, peroxisomes and mitochondria have intimate 
and dynamic interactions with chloroplasts and with 
each other [103, 111]. Chloroplasts may also interact with 
peroxisomes via dynamic peroxisome membrane exten-
sions called peroxules [112]. Therefore, it is not surpris-
ing that 19 peroxisomal proteins and 52 mitochondrial 
proteins were CIPs (Additional file 5: Table S5, Fig. 5).

Three peroxisome CIPs were photorespiratory enzymes 
(Additional file  5: Table  S5). Hydroxypyruvate reductase 
(Solyc01g111630), Glutamate:glyoxylate aminotrans-
ferase (Solyc05g013380), and Serine:glyoxylate ami-
notransferase (Solyc12g099930) were identified in all 
eight samples and were abundant proteins with NSAF 
scores of 0.7, 0.97 and 0.91, respectively. A byproduct 
of photorespiration is hydrogen peroxide, which is dis-
sipated by a robust peroxisomal ROS-scavenging sys-
tem [113]. In accordance, three peroxisomal catalases 
were CIPs (Additional file  5: Table  S5). Two catalases 
(Solyc02g082760, Solyc12g094620) had high NSAF val-
ues (0.72 and 0.78, respectively), while the third catalase 
(Solyc04g082460) was less abundant (NSAF of 0.24). 
We also detected monodehydroascorbate reductase 
(MDHAR, Solyc09g009390) of the glutathione-dependent 
ROS -scavenging system. MDHAR not abundant (NSAF 
of 0.08) but it was detected five times. Reumann et al. [83, 

113] identified these photorespiratory and ROS-scaveng-
ing proteins in purified Arabidopsis peroxisomes; their 
NSAF values were 5- to 99-fold higher. Although we are 
extrapolating between two species, the substantial dif-
ferences in NSAF values for peroxisomes determined by 
Reumann et al. in Arabidopsis and our stromal proteome 
in tomato indicates peroxisomal contamination of the 
tomato chloroplast stromal proteome was minor.

Two peroxisomal enzymes—isocitrate lyase (ICL, 
Solyc07g052480) and malate dehydrogenase (MD, 
Solyc02g063490 and Solyc01g106480)—were detected 
in all eight samples with high NSAF values (Additional 
file 5: Table S5; Fig. 5). In fact, one MD (Solyc01g106480) 
had the highest NSAF value (1.28) for all peroxisomal 
CIPs. ICL and MD have established roles in gluconeogen-
esis and the glyoxylate cycle in germinating seeds [112] 
and β-oxidation in young seedlings [114]. In tomato, ICL 
is detected in fruits and leaves [115] and has been corre-
lated with the peroxisome to glyoxysome transition dur-
ing leaf senescence [116]. As ICL increases in cotyledons 
of dark-grown seedlings [115], the high levels of ICL in 
our samples may reflect the required “dark” incubation 
of plants prior to chloroplast isolation, which diminishes 
the number of large starch-filled amyloplasts. It is note-
worthy that other enzymes of the glycolytic cycle (e.g. 
malate synthase, citrate synthase, and aconitase) were 
not CIPs; although, citrate synthase was detected sporad-
ically (Additional file 4: Table S4).

There were 52 CIPs with a predicted mitochondrial 
location (Table  2, Additional file  5: Figure S5). NSAFs 
ranged from 1.1 (malate dehydrogenase and glycine 
cleavage system T protein) to 0.03 (Additional file  5: 
Table S5, Fig. 5). Proteins associated with the TCA cycle 
(14 proteins) and amino acid biosynthesis or catabolism 
(14 proteins) were enriched in the CIPs.

There is substantial evidence that nuclei and plas-
tids interact [117]. Chloroplasts can be found directly 
appressed to nuclear envelopes and connected to nuclei 
via stromules. These direct and yet dynamic communi-
cation channels may allow for the exchange of metabo-
lites, H2O2, and, perhaps, proteins. Thirty-seven proteins 
with a putative nuclear localization were detected as CIPs 
(Additional file 5: Table S5; Fig. 5) including seven tran-
scription factors and six proteins associated with RNA 
biogenesis, which all had low NSAFs ranging from 0.01 
to 0.22. The one exception is the abundant glycine-rich 
RNA-binding protein (Solyc01g109660) with an NSAF 
of 1.49. Twelve chromatin-associated proteins (i.e., his-
tones, nucleosome assembly and linker proteins, and his-
tone-modifying enzymes) were CIPs with higher NSAFs 
than most of the transcription factors ranging from 0.03 
to 1.01 (for histone H4).



Page 18 of 21Bhattacharya et al. Plant Methods          (2020) 16:131 

Finally, there is a well-established biochemical continu-
ity between the endoplasmic reticulum and the chloro-
plast [31]. Therefore, it is not surprising that there were 
45 endomembrane system proteins that were identified 
as CIPs (Table 2, Additional file 5: Table S5, Fig. 5). Over-
all the ER CIPs were less abundant than CIPs from other 
organelles, with NSAFs ranging from 0.03 to 0.74 (HSP70) 
(Fig. 5). Over 80% and 86% of these CIPs had strong sup-
port from TargetP (reliability classes 1–3) and Predotar 
for ER localization, respectively. The majority of the ER 
CIPs were stress- or defense-related including proteins 
associated with ER stress-signaling (a calreticulin and 
UDP-glucose glycosylase), protein folding (HSP70s and 
a HSP90), peptidases (including N-terminal, C-terminal 
and internal peptidases), and vacuolar-localized biotic/
abiotic defense proteins (trypsin inhibitors, pathogenesis-
related proteins, an osmotin, and an AIG-2-like protein).

Conclusions
Tomato is the most cultivated horticultural crop world-
wide, with over 4.7 million hectares planted annu-
ally. In US alone, tomatoes are a $2.2 billion industry. 
Tomato is a model system for studying fruit develop-
ment [118] and recent insights into the dynamics of the 
tomato’s plastid proteome during the differentiation 
of chloroplasts to chromoplasts have provided impor-
tant insights in these processes [47, 48, 51]. In addition, 
tomato is a model system for the study of the induction 
of plant defenses associated with wounding, herbivory 
and pathogen attack [119].

As chloroplasts are key regulators of stress percep-
tion and signal transduction [5, 33] and the site of pro-
duction of secondary metabolites and plant hormones 
involved in defense, an understanding of the dynamics 
of the chloroplast leaf proteome is needed. The proto-
col provided here provides a detailed method to assure 
high quality and high yields of intact chloroplasts from 
tomato leaves suitable for proteomics analysis. As a 
number of yield-limiting steps were identified in this 
protocol, the methods can be adapted to virtually any 
plant species. In conjunction with the tomato nuclear 
and plastid genome sequences [56, 71], evaluation of 
changes to the tomato chloroplast proteome, and its 
sub-organellar fractions, in response to cues during 
development, as well as abiotic and biotic stress are 
now possible. Future confirmation of CIP localization 
using fluorescent reporter fusion proteins will deter-
mine if these proteins are imported and localized in 
more than one organelle or if their co-isolation with 
chloroplasts solely reflects the known tight apposition 
of ER, peroxisomes, mitochondria, and nuclei with 
chloroplasts [103, 111, 112, 117].

Supplementary information
Supplementary information accompanies this paper at https​://doi.
org/10.1186/s1300​7-020-00667​-5.

 Additional file 1: Table S1. Protocol comparison. 

Additional file 2: Table S2. Chloroplast Isolation Interactive Worksheet. 

Additional file 3: Table S3. Proteins detected based on one unique 
peptide. 

Additional file 4: Table S4. Proteins that were sporadically identified. 

Additional file 5: Table S5. Co-isolating proteins (CIPs).

Abbreviations
CIP: co-isolating protein; LAP-A: leucine aminopeptidase A; NSAF: normalized 
spectral abundance factor; PSMs: peptide spectral matches; SAF: spectral 
abundance factor.

Acknowledgements
We are grateful for assistance of Frances Holzer (Walling laboratory, UC 
Riverside), guidance from Nathan Hendricks (UC Riverside) and Songqin Pan 
(UC Riverside), and assistance with confocal imaging by Dr. David Carter (UC 
Riverside) and Dr. Meenakshi Kagda (UC Riverside). We thank Dr. A.L.N Rao (UC 
Riverside) for use of his rotors and ultracentrifuge and Dr. Kenneth Cline (U 
Florida) and Dr. Julia Bailey-Serres (UC Riverside) for antisera donations.

Author’s contributions
In consultation with LLW, OB developed and refined the methods in this 
manuscript. IO, OB and LLW performed data analysis. OB and LLW wrote the 
manuscript collaboratively. All authors read and approved the final version of 
the manuscript.

Funding
The work was supported by National Science Foundation grants IOS0725093 
and IOS1450331 to LLW and a Guru Gobind Singh Fellowship to OB. Several 
fellowships supported IO: NSF/California Louis Stokes Alliance for Minority 
Participation Bridge to the Doctorate (CAMP-BD) Fellowship, Ford Foundation 
Predoctoral Fellowship, American Association of University Women (AAUW) 
Dissertation Fellowship, and US Department of Education Graduate Assistance 
in Areas of National Need (GAANN) Award. The LTQ-Orbitrap Elite was pur-
chased with an NIH grant S10 OD010669 to Yinsheng Wang (UC Riverside).

Availability of data and materials
Not applicable

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 7 August 2020   Accepted: 4 September 2020

References
	 1.	 Jarvis P, Lopez-Juez E. Biogenesis and homeostasis of chloroplasts and 

other plastids. Nat Rev Mol Cell Biol. 2013;14:787–802.
	 2.	 Rolland N, Curien G, Finazzi G, Kuntz M, Marechal E, Matringe M, 

Ravanel S, Seigneurin-Berny D. The biosynthetic capacities of the plas-
tids and integration between cytoplasmic and chloroplast processes. 
Annu Rev Genet. 2012;46:233–64.

	 3.	 Sakamoto W, Miyagishima SY, Jarvis P. Chloroplast biogenesis: control 
of plastid development, protein import, division and inheritance. The 
Arabidopsis Book. 2008;6:e0110.

https://doi.org/10.1186/s13007-020-00667-5
https://doi.org/10.1186/s13007-020-00667-5


Page 19 of 21Bhattacharya et al. Plant Methods          (2020) 16:131 	

	 4.	 Pogson BJ, Ganguly D, Albrecht-Borth V. Insights into chloroplast bio-
genesis and development. Biochim Biophys Acta. 2015;1847:1017–24.

	 5.	 de Souza A, Wang JZ, Dehesh K. Retrograde signals: integrators of inter-
organellar communication and orchestrators of plant development. 
Annu Rev Plant Biol. 2017;68:85–108.

	 6.	 Buchanan BB, Gruissem W, Jones RL, editors. Biochemistry and Molecu-
lar Biology of Plants. 2nd ed. New York: Wiley; 2015.

	 7.	 Allen JF, de Paula WBM, Puthiyaveetil S, Nield J. A structural phy-
logenetic map for chloroplast photosynthesis. Trends Plant Sci. 
2011;16:645–55.

	 8.	 Grotewold E, Chappell J, Kellogg EA. Genomes of organelles. In: Plant 
genes, genomes and genetics. New York: Wiley; 2015. pp. 79-96.

	 9.	 Scharff LB, Bock R. Synthetic biology in plastids. Plant J. 2014;78:783–98.
	 10.	 Jung HS, Chory J. Signaling between chloroplasts and the nucleus: 

can a systems biology approach bring clarity to a complex and 
highly regulated pathway? Plant Physiol. 2010;152:453–9.

	 11.	 Millar AH, Whelan J, Small I. Recent surprises in protein targeting to 
mitochondria and plastids. Curr Opin Plant Biol. 2006;9:610–5.

	 12.	 Sjuts I, Soll J, Bolter B. Import of soluble proteins into chloroplasts 
and potential regulatory mechanisms. Front Plant Sci. 2017;8:168.

	 13.	 Flügge U-I. Transport in and out of plastids: does the outer envelope 
membrane control the flow? Trends Plant Sci. 2000;5:135–7.

	 14.	 Paila YD, Richardson LGL, Schnell DJ. New insights into the mecha-
nism of chloroplast protein import and its integration with protein 
quality control, organelle biogenesis and development. J Mol Biol. 
2015;427:1038–60.

	 15.	 Shi L-X, Theg SM. The chloroplast protein import system: from algae 
to trees. Biochim Biophys Acta Mol Cell Res. 2013;1833:314–31.

	 16.	 Daniell H, Lin CS, Yu M, Chang WJ. Chloroplast genomes: diversity, 
evolution, and applications in genetic engineering. Genome Biol. 
2016;17:134.

	 17.	 Timmis JN, Ayliffe MA, Huang CY, Martin W. Endosymbiotic gene 
transfer: organelle genomes forge eukaryotic chromosomes. Nat Rev 
Genet. 2004;5:123–35.

	 18.	 Estavillo GM, Chan KX, Phua SY, Pogson BJ. Reconsidering the nature 
and mode of action of metabolite retrograde signals from the chloro-
plast. Front Plant Sci. 2013;3:300.

	 19.	 Pfannschmidt T. Plastidial retrograde signalling—a true “plastid fac-
tor” or just metabolite signatures? Trends Plant Sci. 2010;15:427–35.

	 20.	 Woodson JD, Chory J. Organelle signaling: how stressed chloroplasts 
communicate with the nucleus. Curr Biol. 2012;22:R690–2.

	 21.	 Estavillo GM, Crisp PA, Pornsiriwong W, Wirtz M, Collinge D, Carrie C, 
Giraud E, Whelan J, David P, Javot H, Brearley C, Hell R, Marin E, Pog-
son BJ. Evidence for a SAL1-PAP chloroplast retrograde pathway that 
functions in drought and high light signaling in Arabidopsis. Plant 
Cell. 2011;23:3992–4012.

	 22.	 Galvez-Valdivieso G, Mullineaux PM. The role of reactive oxygen 
species in signalling from chloroplasts to the nucleus. Physiol Plant. 
2010;138:430–9.

	 23.	 Suzuki N, Koussevitzky S, Mittler RON, Miller GAD. ROS and redox sig-
nalling in the response of plants to abiotic stress. Plant, Cell Environ. 
2012;35:259–70.

	 24.	 Kindgren P, Norén L, Barajas López JD, Shaikhali J, Strand Å. Interplay 
between heat shock protein 90 and HY5 controls PhANG expression 
in response to the GUN5 plastid signal. Mol Plant. 2012;5:901–13.

	 25.	 Strand A, Asami T, Alonso J, Ecker JR, Chory J. Chloroplast to nucleus 
communication triggered by accumulation of Mg-protoporphyrinIX. 
Nature. 2003;421:79–83.

	 26.	 Woodson JD, Perez-Ruiz JM, Chory J. Heme synthesis by plastid fer-
rochelatase I regulates nuclear gene expression in plants. Curr Biol. 
2011;21:897–903.

	 27.	 Xiao Y, Savchenko T, Baidoo EEK, Chehab WE, Hayden DM, Tolstikov 
V, Corwin JA, Kliebenstein DJ, Keasling JD, Dehesh K. Retrograde 
signaling by the plastidial metabolite MEcPP regulates expression of 
nuclear stress-response genes. Cell. 2012;149:1525–35.

	 28.	 Ramel F, Birtic S, Ginies C, Soubigou-Taconnat L, Triantaphylidès C, 
Havaux M. Carotenoid oxidation products are stress signals that 
mediate gene responses to singlet oxygen in plants. Proc Natl Acad 
Sci USA. 2012;109:5535–40.

	 29.	 Isemer R, Mulisch M, Schäfer A, Kirchner S, Koop H-U, Krupinska K. 
Recombinant Whirly1 translocates from transplastomic chloroplasts 
to the nucleus. FEBS Lett. 2012;586:85–8.

	 30.	 Sun X, Feng P, Xu X, Guo H, Ma J, Chi W, Lin R, Lu C, Zhang L. A chloro-
plast envelope-bound PHD transcription factor mediates chloroplast 
signals to the nucleus. Nat Commun. 2011;2:477.

	 31.	 Mehrshahi P, Stefano G, Andaloro JM, Brandizzi F, Froehlich JE, DellaP-
enna D. Transorganellar complementation redefines the biochemical 
continuity of endoplasmic reticulum and chloroplasts. Proc Natl Acad 
Sci USA. 2013;110:12126–31.

	 32.	 Oikawa K, Hayashi M, Hayashi Y, Nishimura M. Re-evaluation 
of physical interaction between plant peroxisomes and other 
organelles using live-cell imaging techniques. J Integr Plant Biol. 
2019;61:836–52.

	 33.	 Fowler JH, Aromdee DN, Pautot V, Holzer FM, Walling LL. Leucine 
aminopeptidase regulates defense and wound signaling downstream 
of jasmonic acid. Plant Cell. 2009;21:1239–51.

	 34.	 Scranton M, Fowler JH, Girke T, Walling LL. Microarray analysis of 
tomato’s early and late wound response reveals new regulatory targets 
for leucine aminopeptidase A. PLoS ONE. 2013;8:e77889.

	 35.	 Gu Y-Q, Chao WS, Walling LL. Localization and post-translational 
processing of the wound-induced leucine aminopeptidase proteins of 
tomato. J Biol Chem. 1996;271:25880–7.

	 36.	 Gu YQ, Holzer FM, Walling LL. Overexpression, purification and bio-
chemical characterization of the wound-induced leucine aminopepti-
dase of tomato. Eur J Biochem. 1999;263:726–35.

	 37.	 Gu YQ, Walling LL. Identification of residues critical for activity of the 
wound-induced leucine aminopeptidase (LAP-A) of tomato. Eur J 
Biochem. 2002;269:1630–40.

	 38.	 Scranton M, Yee A, Park SY, Walling LL. Plant leucine aminopeptidases 
moonlight as molecular chaperones. J Biol Chem. 2012;287:18408–17.

	 39.	 Kamal AHM, Cho K, Komatsu S, Uozumi N, Choi J-S, Woo SH. Towards 
an understanding of wheat chloroplasts: a methodical investigation of 
thylakoid proteome. Mol Biol Rep. 2012;39:5069–83.

	 40.	 Rodermel S. Isolation of Maize Chloroplasts and Chloroplast DNA. In: 
Freeling M, Walbot V, editors. The Maize Handbook. New York: Springer; 
1994. p. 556–8.

	 41.	 Seigneurin-Berny D, Salvi D, Dorne A-J, Joyard J, Rolland N. Percoll-
purified and photosynthetically active chloroplasts from Arabidopsis 
thaliana leaves. Plant Physiol Biochem. 2008;46:951–5.

	 42.	 van Wijk KJ, Peltier JB, Giacomelli L. Isolation of chloroplast proteins 
from Arabidopsis thaliana for proteome analysis. Methods Mol Biol. 
2007;355:43–8.

	 43.	 Bayer RG, Stael S, Csaszar E, Teige M. Mining the soluble chloroplast 
proteome by affinity chromatography. Proteomics. 2011;11:1287–99.

	 44.	 Jarvis P. The proteomes of chloroplasts and other plastids. In: Šamaj 
J, Thelen JJ, editors. Plant Proteomics. Springer: Heidelberg; 2007. p. 
207–25.

	 45.	 Salvi D, Rolland N, Joyard J, Ferro M. Purification and proteomic analysis 
of chloroplasts and their sub-organellar compartments. Methods Mol 
Biol. 2008;432:19–36.

	 46.	 Hall M, Mishra Y, Schröder WP. Preparation of stroma, thylakoid mem-
brane, and lumen fractions from Arabidopsis thaliana chloroplasts for 
proteomic analysis. In: Jarvis RP, editor. Chloroplast Research in Arabi-
opsis: Methods and Protocols. Methods in molecular biology, vol. 775. 
Totowa, NJ: Humana Press; 2011. p. 207-222.

	 47.	 Barsan C, Kuntz M, Pech JC. Isolation of chromoplasts and suborganellar 
compartments from tomato and bell pepper fruit. In: Taylor NL, Millar 
AH (eds) Isolation of Plant Organelles and Structures: Methods and 
Protocols, vol 1511. Methods in Molecular Biology. 2017. pp. 61-71.

	 48.	 Barsan C, Sanchez-Bel P, Rombaldi C, Egea I, Rossignol M, Kuntz M, 
Zouine M, Latche A, Bouzayen M, Pech JC. Characteristics of the 
tomato chromoplast revealed by proteomic analysis. J Exp Bot. 
2010;61:2413–31.

	 49.	 Barsan C, Zouine M, Maza E, Bian WP, Egea I, Rossignol M, Bouyssie 
D, Pichereaux C, Purgatto E, Bouzayen M, Latche A, Pech JC. Prot-
eomic analysis of chloroplast-to-chromoplast transition in tomato 
reveals metabolic shifts coupled with disrupted thylakoid biogenesis 
machinery and elevated energy-production components. Plant Physiol. 
2012;160:708–25.



Page 20 of 21Bhattacharya et al. Plant Methods          (2020) 16:131 

	 50.	 Egea I, Bian W, Barsan C, Jauneau A, Pech J-C, Latché A, Li Z, Chervin C. 
Chloroplast to chromoplast transition in tomato fruit: spectral confocal 
microscopy analyses of carotenoids and chlorophylls in isolated plastids 
and time-lapse recording on intact live tissue. Ann Bot. 2011;108:291–7.

	 51.	 Suzuki M, Takahashi S, Kondo T, Dohra H, Ito Y, Kiriiwa Y, Hayashi M, 
Kamiya S, Kato M, Fujiwara M, Fukao Y, Kobayashi M, Nagata N, Moto-
hashi R. Plastid proteomic analysis in tomato fruit development. PLoS 
ONE. 2015;10:e0137266.

	 52.	 Tamburino R, Vitale M, Ruggiero A, Sassi M, Sannino L, Arena S, Costa 
A, Batelli G, Zambrano N, Scaloni A, Grillo S, Scotti N. Chloroplast 
proteome response to drought stress and recovery in tomato (Solanum 
lycopersicum L.). BMC Plant Biol. 2017;17:40.

	 53.	 Fraser PD, Truesdale MR, Bird CR, Schuch W, Bramley PM. Carotenoid 
biosynthesis during tomato fruit development (evidence for tissue-
specific gene expression). Plant Physiol. 1994;105:405–13.

	 54.	 Froehlich JE, Itoh A, Howe GA. Tomato allene oxide synthase and fatty 
acid hydroperoxide lyase, two cytochrome p450s involved in oxylipin 
metabolism, are targeted to different membranes of chloroplast enve-
lope. Plant Physiol. 2001;125:306–17.

	 55.	 Hunt CM, Hardison RC, Boyer CD. Restriction enzyme analysis of tomato 
chloroplast and chromoplast DNA. Plant Physiol. 1986;82:1145–7.

	 56.	 Kahlau S, Aspinall S, Gray JC, Bock R. Sequence of the tomato chlo-
roplast DNA and evolutionary comparison of solanaceous plastid 
genomes. J Mol Evol. 2006;63:194–207.

	 57.	 Phillips AL. Restriction map and clone back of tomato plastid DNA. Curr 
Genet. 1985;10:147–52.

	 58.	 Nogueira M, Mora L, Enfissi EMA, Bramley PM, Fraser PD. Subchromo-
plast sequestration of carotenoids affects regulatory mechanisms in 
tomato lines expressing different carotenoid gene combinations. Plant 
Cell. 2013;25:4560–79.

	 59.	 Fitzpatrick LM, Keegstra K. A method for isolating a high yield of Arabi-
dopsis chloroplasts capable of efficient import of precursor proteins. 
Plant J. 2001;27:59–65.

	 60.	 Rensink WA, Pilon M, Weisbeek P. Domains of a transit sequence 
required for in vivo import in Arabidopsis chloroplasts. Plant Physiol. 
1998;118:691–9.

	 61.	 Wang CS, Walling LL, Eckard KJ, Lord EM. Patterns of protein accumula-
tion in developing anthers of Lilium longiflorum correlate with histologi-
cal events. Am J Bot. 1992;79:118–27.

	 62.	 Ramagli LS, Rodriguez LV. Quantitation of microgram amounts of 
protein in two-dimensional polyacrylamide gel electrophoresis sample 
buffer. Electrophoresis. 1985;6:559–63.

	 63.	 Yuan J, Henry R, Cline K. Stromal factor plays an essential role in protein 
integration into thylakoids that cannot be replaced by unfolding or by 
heat shock protein Hsp70. Proc Natl Acad Sci USA. 1993;90:8552–6.

	 64.	 Payan LA, Cline K. A stromal protein factor maintains the solubility and 
insertion competence of an imported thylakoid membrane protein. J 
Cell Biol. 1991;112:603–13.

	 65.	 Li X, Henry R, Yuan J, Cline K, Hoffman NE. A chloroplast homologue of 
the signal recognition particle subunit SRP54 is involved in the post-
translational integration of a protein into thylakoid membranes. Proc 
Natl Acad Sci USA. 1995;92:3789–93.

	 66.	 Williams AJ, Werner-Fraczek J, Chang IF, Bailey-Serres J. Regulated 
phosphorylation of 40S ribosomal protein S6 in root tips of maize. Plant 
Physiol. 2003;132:2086–97.

	 67.	 Lichtenthaler HK. Chlorophylls and carotenoids - Pigments of photo-
synthetic biomembranes. Methods Enzymol. 1987;148:350–82.

	 68.	 Bhattacharya O, Ortiz I, Hendricks N, Pan SK, Walling LL. A curated 
soluble proteome of tomato chloroplasts leveraging a plastid protein 
localization prediction ATLAS. (in preparation for J Prot Res). 2020.

	 69.	 Rosenberg LA, Padgett PE, Assmann SM, Walling LL, Leonard RT. Iden-
tification of mRNAs and proteins in higher plants using probes from 
the Band 3 anion transporter of mammals. J Exp Bot. 1997;48:857–68.

	 70.	 Drakakaki G, van de Ven W, Pan S, Miao Y, Wang J, Keinath NF, Weatherly 
B, Jiang L, Schumacher K, Hicks G, Raikhel N. Isolation and proteomic 
analysis of the SYP61 compartment reveal its role in exocytic trafficking 
in Arabidopsis. Cell Res. 2012;22:413–24.

	 71.	 Sato S, Tabata S, Hirakawa H, Asamizu E, Shirasawa K, Isobe S, Kaneko 
T, Nakamura Y, Shibata D, Aoki K, Egholm M, Knight J, Bogden R, Li CB, 
Shuang Y, Xu X, Pan SK, Cheng SF, Liu X, Ren YY, Wang J, Albiero A, Dal 
Pero F, Todesco S, Van Eck J, Buels RM, Bombarely A, Gosselin JR, Huang 

MY, Leto JA, Menda N, Strickler S, Mao LY, Gao S, Tecle IY, York T, Zheng Y, 
Vrebalov JT, Lee J, Zhong SL, Mueller LA, Stiekema WJ, Ribeca P, Alioto T, 
Yang WC, Huang SW, Du YC, Zhang ZH, Gao JC, Guo YM, Wang XX, Li Y, 
He J, Li CY, Cheng ZK, Zuo JR, Ren JF, Zhao JH, Yan LH, Jiang HL, Wang B, 
Li HS, Li ZJ, Fu FY, Chen BT, Han B, Feng Q, Fan DL, Wang Y, Ling HQ, Xue 
YBA, Ware D, McCombie WR, Lippman ZB, Chia JM, Jiang K, Pasternak S, 
Gelley L, Kramer M, Anderson LK, Chang SB, Royer SM, Shearer LA, Stack 
SM, Rose JKC, Xu YM, Eannetta N, Matas AJ, McQuinn R, Tanksley SD, 
Camara F, Guigo R, Rombauts S, Fawcett J, Van de Peer Y, Zamir D, Liang 
CB, Spannagl M, Gundlach H, Bruggmann R, Mayer K, Jia ZQ, Zhang 
JH, Ye ZBA, Bishop GJ, Butcher S, Lopez-Cobollo R, Buchan D, Filippis I, 
Abbott J, Dixit R, Singh M, Singh A, Pal JK, Pandit A, Singh PK, Mahato 
AK, Dogra V, Gaikwad K, Sharma TR, Mohapatra T, Singh NK, Causse M, 
Rothan C, Schiex T, Noirot C, Bellec A, Klopp C, Delalande C, Berges H, 
Mariette J, Frasse P, Vautrin S, Zouine M, Latche A, Rousseau C, Regad F, 
Pech JC, Philippot M, Bouzayen M, Pericard P, Osorio S, del Carmen AF, 
Monforte A, Granell A, Fernandez-Munoz R, Conte M, Lichtenstein G, 
Carrari F, De Bellis G, Fuligni F, Peano C, Grandillo S, Termolino P, Pietrella 
M, Fantini E, Falcone G, Fiore A, Giuliano G, Lopez L, Facella P, Perrotta 
G, Daddiego L, Bryan G, Orozco M, Pastor X, Torrents D, van Schriek 
K, Feron RMC, van Oeveren J, de Heer P, daPonte L, Jacobs-Oomen S, 
Cariaso M, Prins M, van Eijk MJT, Janssen A, van Haaren MJJ, Jo SH, Kim 
J, Kwon SY, Kim S, Koo DH, Lee S, Hur CG, Clouser C, Rico A, Hallab A, 
Gebhardt C, Klee K, Jocker A, Warfsmann J, Gobel U, Kawamura S, Yano 
K, Sherman JD, Fukuoka H, Negoro S, Bhutty S, Chowdhury P, Chatto-
padhyay D, Datema E, Smit S, Schijlen EWM, van de Belt J, van Haarst JC, 
Peters SA, van Staveren MJ, Henkens MHC, Mooyman PJW, Hesselink T, 
van Ham R, Jiang GY, Droege M, Choi D, Kang BC, Kim BD, Park M, Yeom 
SI, Lee YH, Choi YD, Li GC, Gao JW, Liu YS, Huang SX, Fernandez-Pedrosa 
V, Collado C, Zuniga S, Wang GP, Cade R, Dietrich RA, Rogers J, Knapp 
S, Fei ZJ, White RA, Thannhauser TW, Giovannoni JJ, Botella MA, Gilbert 
L, Gonzalez R, Goicoechea JL, Yu Y, Kudrna D, Collura K, Wissotski M, 
Wing R, Schoof H, Meyers BC, Gurazada AB, Green PJ, Mathur S, Vyas S, 
Solanke AU, Kumar R, Gupta V, Sharma AK, Khurana P, Khurana JP, Tyagi 
AK, Dalmay T, Mohorianu I, Walts B, Chamala S, Barbazuk WB, Li JP, Guo 
H, Lee TH, Wang YP, Zhang D, Paterson AH, Wang XY, Tang HB, Barone 
A, Chiusano ML, Ercolano MR, D’Agostino N, Di Filippo M, Traini A, San-
severino W, Frusciante L, Seymour GB, Elharam M, Fu Y, Hua A, Kenton 
S, Lewis J, Lin SP, Najar F, Lai HS, Qin BF, Qu CM, Shi RH, White D, White 
J, Xing YB, Yang KQ, Yi J, Yao ZY, Zhou LP, Roe BA, Vezzi A, D’Angelo M, 
Zimbello R, Schiavon R, Caniato E, Rigobello C, Campagna D, Vitulo N, 
Valle G, Nelson DR, De Paoli E, Szinay D, de Jong HH, Bai YL, Visser RGF, 
Lankhorst RMK, Beasley H, McLaren K, Nicholson C, Riddle C, Gianese G, 
Tomato Genome C. The tomato genome sequence provides insights 
into fleshy fruit evolution. Nature. 2012;485:635–41.

	 72.	 Small I, Peeters N, Legeai F, Lurin C. Predotar: a tool for rapidly screen-
ing proteomes for N-terminal targeting sequences. Proteomics. 
2004;4:1581–90.

	 73.	 Emanuelsson O, Brunak S, von Heijne G, Nielsen H. Locating pro-
teins in the cell using TargetP. SignalP and related tools. Nat Protoc. 
2007;2:953–71.

	 74.	 Emanuelsson O, Nielsen H, Von Heijne G. ChloroP, a neural network-
based method for predicting chloroplast transit peptides and their 
cleavage sites. Protein Sci. 1999;8:978–84.

	 75.	 Horton P, Park KJ, Obayashi T, Fujita N, Harada H, Adams-Collier CJ, 
Nakai K. WoLF PSORT: protein localization predictor. Nucleic Acids Res. 
2007;35:W585–7.

	 76.	 Briesemeister S, Rahnenführer J, Kohlbacher O. YLoc–an interpretable 
web server for predicting subcellular localization. Nucleic Acids Res. 
2010;38:W497–502.

	 77.	 Sun Q, Zybailov B, Majeran W, Friso G, Olinares PD, van Wijk KJ. 
PPDB, the Plant Proteomics Database at Cornell. Nucleic Acids Res. 
2009;37:D969–74.

	 78.	 Kleffmann T, Hirsch-Hoffmann M, Gruissem W, Baginsky S. plprot: a 
comprehensive proteome database for different plastid types. Plant 
Cell Physiol. 2006;47:432–6.

	 79.	 Hooper CM, Castleden IR, Tanz SK, Aryamanesh N, Millar AH. SUBA4: 
the interactive data analysis centre for Arabidopsis subcellular protein 
locations. Nucleic Acids Res. 2017;45:D1064–74.

	 80.	 Lamesch P, Dreher K, Swarbreck D, Sasidharan R, Reiser L, Huala E. 
Using the Arabidopsis information resource (TAIR) to find information 



Page 21 of 21Bhattacharya et al. Plant Methods          (2020) 16:131 	

about Arabidopsis genes. Curr Protoc Bioinformatics. 2017;60:1.11.1-
1.11.45.https​://doi.org/10.1002/cpbi.36.

	 81.	 Lohse M, Nagel A, Herter T, May P, Schroda M, Zrenner R, Tohge T, Fernie 
AR, Stitt M, Usadel B. Mercator: a fast and simple web server for genome 
scale functional annotation of plant sequence data. Plant, Cell Environ. 
2014;37:1250–8.

	 82.	 Paoletti AC, Parmely TJ, Tomomori-Sato C, Sato S, Zhu D, Conaway RC, 
Conaway JW, Florens L, Washburn MP. Quantitative proteomic analysis 
of distinct mammalian Mediator complexes using normalized spectral 
abundance factors. Proc Natl Acad Sci USA. 2006;103:18928–33.

	 83.	 Reumann S, Quan S, Aung K, Yang PF, Manandhar-Shrestha K, Holbrook 
D, Linka N, Switzenberg R, Wilkerson CG, Weber APM, Olsen LJ, Hu 
JP. In-depth proteome analysis of Arabidopsis leaf peroxisomes 
combined with in vivo subcellular targeting verification indicates novel 
metabolic and regulatory functions of peroxisomes. Plant Physiol. 
2009;150:125–43.

	 84.	 Baginsky S. Plant proteomics: concepts, applications, and novel strate-
gies for data interpretation. Mass Spectrom Rev. 2009;28:93–120.

	 85.	 Koussevitzky S, Ne’eman E, Harel E. Import of polyphenol oxidase by 
chloroplasts is enhanced by methyl jasmonate. Planta. 2004;219:412–9.

	 86.	 Bruce BD, Perry S, Froehlich J, Keegstra K. In vitro import of proteins 
into chloroplasts. In: Gelvin SD, Schilperoort RA, editors. Plant Molecular 
Biology Manual, vol. J1. Springer: Netherlands; 1994. p. 1–15.

	 87.	 Walker DA. Chloroplasts (and grana): aqueous (including high carbon 
fixation ability). Methods Enzymol. 1971;23:211–20.

	 88.	 Pribil M, Labs M, Leister D. Structure and dynamics of thylakoids in land 
plants. J Exp Bot. 2014;65:1955–72.

	 89.	 Richardson LGL, Schnell DJ. Origins, function, and regulation of the 
TOC-TIC general protein import machinery of plastids. J Exp Bot. 
2020;71:1226–38.

	 90.	 Ifuku K, Ishihara S, Sato F. Molecular functions of oxygen-evolving 
complex family proteins in photosynthetic electron flow. J Integr Plant 
Biol. 2010;52:723–34.

	 91.	 Seidler A. The extrinsic polypeptides of Photosystem II. Biochim Biophys 
Acta Bioenerg. 1996;1277:35–60.

	 92.	 Fragkostefanakis S, Simm S, Paul P, Bublak D, Scharf KD, Schleiff E. 
Chaperone network composition in Solanum lycopersicum explored 
by transcriptome profiling and microarray meta-analysis. Plant, Cell 
Environ. 2015;38:693–709.

	 93.	 Kieselbach T, Schroder WP. The proteome of the chloroplast lumen of 
higher plants. Photosynth Res. 2003;78:249–64.

	 94.	 Schubert M, Petersson UA, Haas BJ, Funk C, Schroder WP, Kieselbach T. 
Proteome map of the chloroplast lumen of Arabidopsis thaliana. J Biol 
Chem. 2002;277:8354–65.

	 95.	 Peltier JB, Emanuelsson O, Kalume DE, Ytterberg J, Friso G, Rudella A, 
Liberles DA, Soderberg L, Roepstorff P, von Heijne G, van Wijk KJ. Central 
functions of the lumenal and peripheral thylakoid proteome of Arabi-
dopsis determined by experimentation and genome-wide prediction. 
Plant Cell. 2002;14:211–36.

	 96.	 Andersson MX, Goksor M, Sandelius AS. Optical manipulation reveals 
strong attracting forces at membrane contact sites between endoplas-
mic reticulum and chloroplasts. J Biol Chem. 2007;282:1170–4.

	 97.	 Islam MS, Takagi S. Co-localization of mitochondria with chloroplasts is 
a light-dependent reversible response. Plant Sig Behav. 2010;5:146–7.

	 98.	 Barton KA, Wozny MR, Mathur N, Jaipargas EA, Mathur J. Chloroplast 
behaviour and interactions with other organelles in Arabidopsis thaliana 
pavement cells. J Cell Sci. 2018;131.

	 99.	 Higa T, Suetsugu N, Kong SG, Wada M. Actin-dependent plastid move-
ment is required for motive force generation in directional nuclear 
movement in plants. Proc Natl Acad Sci USA. 2014;111:4327–31.

	100.	 Exposito-Rodriguez M, Laissue PP, Yvon-Durocher G, Smirnoff N, Mul-
lineaux PM. Photosynthesis-dependent H2O2 transfer from chloroplasts 
to nuclei provides a high-light signalling mechanism. Nat Commun. 
2017;8:4.

	101.	 Gao HB, Metz J, Teanby NA, Ward AD, Botchway SW, Coles B, Pollard MR, 
Sparkes I. In vivo quantification of peroxisome tethering to chloroplasts 

in tobacco epidermal cells using optical tweezers. Plant Physiol. 
2016;170:263–72.

	102.	 Jaipargas EA, Mathur N, Daher FB, Wasteneys GO, Mathur J. High light 
intensity leads to increased peroxule-mitochondria interactions in 
plants. Front Cell Devel Biol. 2016;4:6.

	103.	 Oikawa K, Matsunaga S, Mano S, Kondo M, Yamada K, Hayashi M, 
Kagawa T, Kadota A, Sakamoto W, Higashi S, Watanabe M, Mitsui T, 
Shigemasa A, Iino T, Hosokawa Y, Nishimura M. Physical interaction 
between peroxisomes and chloroplasts elucidated by in situ laser 
analysis. Nature Plants. 2015;1:1–2.

	104.	 Islam MS, Niwa Y, Takagi S. Light-dependent intracellular positioning of 
mitochondria in Arabidopsis thaliana mesophyll cells. Plant Cell Physiol. 
2009;50:1032–40.

	105.	 Rosa-Téllez S, Anoman AD, Flores-Tornero M, Toujani W, Alseek S, Fernie 
AR, Nebauer SG, Muñoz-Bertomeu J, Segura J, Ros R. Phosphoglycer-
ate Kinases Are Co-Regulated to Adjust Metabolism and to Optimize 
Growth. Plant Physiol. 2018;176:1182–98.

	106.	 Anderson LE, Carol AA. Enzyme co-localization in the pea leaf cytosol: 
3-P-glycerate kinase, glyceraldehyde-3-P dehydrogenase, triose-P 
isomerase and aldolase. Plant Sci. 2005;169:620–8.

	107.	 Kim DH, Xu Z-Y, Na YJ, Yoo Y-J, Lee J, Sohn E-J, Hwang I. Small heat 
shock protein Hsp178 functions as an AKR2A cofactor in the targeting 
of chloroplast outer membrane proteins in Arabidopsis. Plant Physiol. 
2011;157:132–46.

	108.	 Bae W, Lee YJ, Kim DH, Lee J, Kim S, Sohn EJ, Hwang I. AKR2A-mediated 
import of chloroplast outer membrane proteins is essential for chloro-
plast biogenesis. Nat Cell Biol. 2008;10:220–7.

	109.	 Al-Whaibi MH. Plant heat-shock proteins: a mini review. J King Saud 
Univ Sci. 2011;23:139–50.

	110.	 Peterhansel C, Horst I, Niessen M, Blume C, Kebeish R, Kürkcüo-
glu S, Kreuzaler F. Photorespiration. The Arabidopsis Book. 
2010;8:e0130–e0130.

	111.	 Tolbert NE, Essner E. Microbodies: peroxisomes and glyoxysomes. J Cell 
Biol. 1981;91:271s–83s.

	112.	 Kao Y-T, Gonzalez KL, Bartel B. Peroxisome function, biogenesis, and 
dynamics in plants. Plant Physiol. 2018;176:162–77.

	113.	 Reumann S, Babujee L, Ma CL, Wienkoop S, Siemsen T, Antonicelli GE, 
Rasche N, Luder F, Weckwerth W, Jahn O. Proteome analysis of Arabi-
dopsis leaf peroxisomes reveals novel targeting peptides, metabolic 
pathways, and defense mechanisms. Plant Cell. 2007;19:3170–93.

	114.	 Pracharoenwattana I, Cornah JE, Smith SM. Arabidopsis peroxisomal 
malate dehydrogenase functions in beta-oxidation but not in the 
glyoxylate cycle. Plant J. 2007;50:381–90.

	115.	 Nieri B, Ciurli A, Pistelli L, Smith SM, Alpi A, DeBellis L. Glyoxylate cycle 
enzymes in seedlings and in mature plants of tomato (Lycopersicon 
esculentum Mill). Plant Sci. 1997;129:39–47.

	116.	 Famiani F, Cultrera NGM, Battistelli A, Casulli V, Proietti P, Standardi A, 
Chen ZH, Leegood RC, Walker RP. Phosphoenolpyruvate carboxykinase 
and its potential role in the catabolism of organic acids in the flesh of 
soft fruit during ripening. J Exp Bot. 2005;56:2959–69.

	117.	 Mullineaux PM, Exposito-Rodriguez M, Laissue PP, Smirnoff N, Park E. 
Spatial chloroplast-to-nucleus signalling involving plastid–nuclear 
complexes and stromules. Philos Trans R Soc B. 2020;375:20190405.

	118.	 Klee HJ, Giovannoni JJ. Genetics and control of tomato fruit ripening 
and quality attributes. Annu Rev Genet. 2011;45:41–59.

	119.	 Campos ML, Kang JH, Howe GA. Jasmonate-triggered plant immunity. J 
Chem Ecol. 2014;40:657–75.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/cpbi.36

	Methodology: an optimized, high-yield tomato leaf chloroplast isolation and stroma extraction protocol for proteomics analyses and identification of chloroplast co-localizing proteins
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Reagents for chloroplast and stroma isolation
	Glassware, plasticware, consumables, and equipment for isolation of chloroplasts
	Glassware, plasticware, consumables, and equipment for isolation of stroma
	Stock solutions for chloroplast isolation (1 week in advance)
	Working solutions for chloroplast preparation (day of chloroplast isolation)
	Stock solutions for stroma isolation (1 week in advance)
	Plant growth
	Chloroplast Isolation Protocol
	General Comments
	Leaf excision and processing (2 h prior to leaf homogenization)
	Tissue grinding (Time estimate ~ 45 min)
	Chloroplast recovery (Time estimate - 1 h)

	Stroma extraction protocol
	General comments
	Preparatory steps

	Chloroplast lysis
	Protein extraction, quantification and immunoblots
	Chlorophyll measurements
	Microscopy
	Proteomics analysis
	Comments
	Overview of the tomato chloroplast isolation method
	Integrity of proteins and immunoblot analysis of the stromal chloroplast fractions
	NanoLC-MSMS analysis identifies 254 non-plastid co-isolating proteins in the chloroplast stromal proteome


	Conclusions
	Acknowledgements
	References




