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High-throughput phenotyping of cell-to-cell interactions in gel microdroplet pico-cultures

Materials and Methods

[bookmark: _MON_1615287887]GMD capture of cells. Bacterial and algal Chlorella sorokiniana 1412 cells were captured in GMDs (OneCell Systems, Inc., Cambridge, MA) using our previously described protocol1, modified as indicated in the main text. Specifically, the bacterial concentration was adjusted to OD600 = 0.3375 with 1x PBS, whereby 100 µl containing ~1.7 x 107 cells was used as cell input in the multi-cell capture per GMD CelGel Matrix step. The algal concentration was adjusted to OD750 = 4.023 with 1x PBS, whereby 100 µl containing ~ 4.0 x 106 cells was used as cell input (see Table S1). GMDs greater than 70 µm were removed through filtration with a 70 µm cell strainer. It is important to note that the upper limit of sorting particles via FACS must first be determined based on the flow cytometer’s sorting capability1. In this study, we determined that our Influx™ flow cytometer (BD Biosciences, Franklin Lakes, NJ) can sort particles < 70 µm in diameter.



Table S1. Cell input modifications for GMD capture. Bacterial and algal concentrations were adjusted to cell concentrations OD600, OD750 in 1x PBS and 100 µl of the resultant cell suspension (or 50 + 50 µL for abGMDs) was used as cell input for initial capture in the CelGel Matrix prior to sorting. This ratio of bacteria-to-matrix or algae-to-matrix (# cells/GMD) was verified by microscopy; data not presented. “aGMD” = algae only GMDs, “bGMD” = bacteria only GMDs, “abGMD” = co-captured algal/bacterial GMDs.

	
	Cell concentrations
	
	
	

	
	OD 600
	OD 750
	input vol (µL) 
	total cell #
	# cells/GMD

	aGMD
	-
	4.3 ± 0.05
	100
	~ 4.0 x 106   
	1 ± 1

	bGMD
	0.35 ± 0.05
	-
	100
	~ 1.7 x 107 
	4 ± 1

	abGMD
	0.7 ± 0.05
	8.6 ± 0.05
	50 + 50
	
	



HS Sheath Fluid/Medium Preparations. For this experiment, we used Sueoka’s high salt medium (HS medium)2 as sheath fluid for flow cytometry, and as cell growth medium and for generating the MDs. HS medium was filtered after autoclaving with a 0.2 µm filter prior to flow cytometry. 
		FACS Enrichment of Target aGMDs and abGMDs prior to culturing. To enrich for and validate that the GMDs contained algae and/or bacteria, the filtered GMDs were flow sorted using chlorophyll a and b autofluorescence (combined average emission at 655 nm) with a BD Influx™ cytometer equipped with BD Sortware software (ver. 1.0.0.650) and using a 650/50 nm filter, as previously described (200-μm nozzle, sheath pressure set to 3.5 - 3.9 psi, and a 488 nm laser) [18] with the following modification: sheath fluid was prepared from Sueoka’s high salt medium (HS medium) [26] per the manufacturer’s instructions, sterilized by autoclaving, and filtered with a 0.2-μm PES filter.  All GMDs were detected using forward scatter (FSC, x-axis at linear scale) versus side scatter (SSC, y-axis at logarithmic scale) for size and granularity measurements, while chlorophyll a and b fluorescence emissions were detected using a 650/50 nm filter (x-axis at logarithmic scale) versus 530/40 nm filter (y-axis at logarithmic scale).  To select aGMDs and abGMDs containing the target number of a single algal cell per GMD, a three-stage sub-gating strategy was utilized (Figure S1). Initially, the presence of algae in GMDs was confirmed and identified based upon chlorophyll fluorescence emission using a 530/40 nm filter (x-axis, log scale) versus a 650/50 nm filter (y-axis; log scale). A “fluorescence” parent gate was subsequently generated for the next gating step. Second, GMDs were further selected based on granularity and size, using side scatter (SSC; y-axis in log scale) versus forward scatter (FSC; x-axis in linear scale) (Figure S1A, cytograph), respectively. In this step, a gate was generated as a subset of the parent, initial fluorescent gate to target GMDs in Quadrant II of the SSC vs FSC cytograph (Figure S1B, cytograph). As the final third step, flow analysis was done using SSC (x-axis) versus 650/50 (y-axis; both log scale) to generate a final sub-gate for target aGMD and abGMD enrichment. Here, a sub-gate as a function of the previous SSC vs FSC gate was made just below the mode of the population (Figure S1C). GMDs identified within this final  SSC vs 650/50 gate shape were empirically validated by microscopy to contain the desired single algal cell (aGMDs) or single algal cell with 4 ± 1 bacterial cells (abGMDs); GMDs defined within this gate were sorted and visualized via bright-field microscopy to verify the presence of captured cells [18]. We estimated by microscopy that 88% of the sorted abGMDs from this gate contained one algal cell co-captured with three (mean) putative bacterial cells (data not shown). This three-gate strategy yielded approximately 40,000 GMDs / mL of sorted material. GMDs were sorted at the high purity setting at a typical flow rate of 1,000 events per second into a sterile 50-mL conical tube, whereby each sorted GMD particle included ~0.3 μl of HS sheath/growth medium. Post sorting, 330,900 candidate GMDs were initially suspended in 8.9 mL of HS sheath fluid. The aGMDs and/or abGMDs were then pelleted through gentle centrifugation (400 x g for 5 min) and 5 mL of HS sheath fluid was removed. 
[image: ]
Figure S1. Pre-cultivation targeted FACS enrichment of aGMDs and abGMDs. (A) Only aGMDs and abGMDs containing algal/bacterial cells were first sorted by size by measuring forward scatter (FSC, x-axis at linear scale) versus side scatter (SSC, y-axis at logarithmic scale). (B) aGMDs and abGMDs were further analyzed by chlorophyll autofluorescence using a 650/50 nm filter (x-axis at logarithmic scale) versus 530/40 nm filter (y-axis at logarithmic scale), to select for GMDs containing algal/bacterial cells. (C) aGMDs and abGMDs were last sorted by measuring chlorophyll autofluorescence using a 650/50 nm filter (x-axis at logarithmic scale) versus side scatter (SSC, y-axis at logarithmic scale) and validated by microscopy to contain the desired single algal cell with 4 ± 1 bacterial cells.

[image: ]Figure S2. Schematic for cultivation chamber. The cultivation chamber was fabricated and
sterilized as described for the microfluidic droplet generator chip (Figure 2 legend). The microfluidic cultivation chamber was used to microscopically visualize droplets without disturbing them or sacrificing viability, as well as providing an even distribution of light.  


Fabrication and optimization of droplet generator and growth chamber. The microfluidic system contains two modules: a microfluidic droplet generator (Figure 2) and a cultivation chamber (Figure S2). The system was fabricated in-house using modified lamination techniques. The droplet generator was fabricated by applying silicone A1 adhesive (SiATT 9122, 3M, St. Paul, MN, USA) to one side of an acrylic sheet (1/16 inch thick, Plaskolite Optix®, Columbus, Ohio) using pressure rollers. The adhesive coated acrylic sheets were cut on a CO2 laser cutter into top and bottom portions for the microfluidic device, including inlets and outlets for the top section. Kapton® inner sections were designed on Solid Edge software and cut with a UV laser (A-Laser, FCT Assembly). Sections were aligned and sealed using pressure rollers or a rotary lamination press. Following device assembly, needles were glued with epoxy into the outlets and inlets and left to dry. All devices were incubated with 0.22 µm filtered 10% bleach solution for 15 min at room temperature, and thoroughly flushed with DiH2O prior to use. The cultivation chamber was similarly fabricated (but used a Plaskolite acrylic sheet as the middle layer, rather than Kapton) and sterilized.  
MD capture of enriched GMDs. Enriched GMDs were encapsulated in microdroplets (MDs) using the microfluidic droplet generator (Figure 2). MDs were generated with 2.5% (biologically compatible surfactant) PFPE-PEG block copolymer (RainDance™ Technologies, Billerica, MA) in Novek-7500/HFE (3M Company, St. Paul, MN) as the oil input, while the aqueous input was the flow sorted target GMD solution (n = ~300,000 in 8.25 mL). Two 10-mL sterile syringes dispensed the oil solution, while a third 10-mL sterile syringe dispensed the GMD solution. Silicone tubing connected syringes to the droplet generator inlet and outlet to the cultivation chamber. A syringe pump (Model Fusion 720, Chemyx Inc.) was used to inject the fluids into the droplet generator chip. Input flow rates for droplet generation were 100/100/50 μl/min (oil/oil/aqueous, respectively). The aqueous GMD solution syringe was disconnected from the droplet generator and mixed via gentle inversion every 7 min to prevent excessive settling of GMDs. The total MD encapsulation experiment duration times were ~45 min, generating ~12,000,000 MDs.
Cultivation Chamber. Inlet silicone tubes were cut (with razor blade) leaving behind ~5 cm of tubing attached onto the metal inlet channel, and were sealed with plastic clamps. The sealed cultivation raceway chip (Figure S2) was placed on an orbital shaker (continuous shaking at 110 rpm; Model: Classic C1 Platform, New Brunswick Scientific) at 22° C. The MDs were incubated for seven days.
MD Destabilization. After incubation, all MDs were recovered from the collection chamber with a sterile syringe and transferred to a 15 mL conical tube (~7 mL total recovered volume), incubated at room temperature for 5 min to allow separation of excess oil to the bottom of the tube (i.e., lower phase) and facilitate GMD extraction from the aqueous phase (i.e., upper phase) via gentle pipetting.  After removal of the lower oil phase, the remaining emulsion volume (typically < 2 mL) was equally aliquoted into sterile 1.5 mL microcentrifuge tubes. Droplet destabilizer, 1H, 1H, 2H, 2H-Perfluoro-1-octanol (40% v/v; HFE-7500, RainDance™ Technologies, Billerica, MA) was added at half the total volume emulsion volume (e.g., 300 μl destabilizer to 600 μl emulsion), vortexed at ~3,000 rpm for 30 s, and centrifuged for 5 min at 2,000 x g at room temperature.  This collapsed the emulsion, resulting in a visible oil phase at the lower half of the tube and the target aqueous GMD phase at the top. The resultant aqueous layer (typically half the total destabilizer-emulsion volume) was pooled to a sterile 5 mL polypropylene culture tube for direct analysis by flow cytometry. We estimate a recovery of 50,000 GMDs / mL.
Post-Cultivation FACS Enrichment of Top Performing abGMDs. FACS was utilized to identify abGMDs that displayed greater algal biomass using chlorophyll a and b fluorescence as an indicator. Cultivated aGMDs were harvested from MDs and analyzed with flow cytometry under the same parameters described earlier. In detail, the aGMD population was first analyzed using FSC (x-axis; linear scale) versus SSC (y-axis; log scale; Figure S3A). The same population was analyzed for chlorophyll fluorescence using filters 650/50 (x-axis; log scale) versus 530/40 (y-axis; log scale; Figure S3B). This permitted the upper limit detection of chlorophyll fluorescence normally found in Quadrant II of the fluorescent cytograph to define the aGMDs gate (Figure S3B). Once the aGMD gate was established, the target abGMDs gate was defined above the aGMDs gate, which would identify our expected top performing abGMDs. To verify that none of the aGMDs fell within the target abGMDs gate, particles were sub-selected from the target abGMDs gate and re-analyzed under SSC vs FSC, which showed that none of the cultivated aGMDs (i.e., 0%) qualified as target abGMDs (Figure S3C). After establishing these two gates, the cultivated abGMDs (also harvested from MDs post-cultivation) were analyzed using FACS as just described. After analysis under SSC versus FSC, the abGMDs were analyzed for chlorophyll fluorescence using filters 530/40 versus 650/50 using the same predetermined aGMDs and target abGMDs gates (Figure S3E). This revealed a small population of abGMDs that fluoresced greater than what was observed in the control aGMD population. These abGMDs were sub-selected for further analysis under SSC versus FSC to reveal which of the total abGMD population (Figure S3D) possessed the target algal phenotype (Figure S3F). These target abGMDs were single sorted in 96-well culture plates for downstream cultivation, recovery, and identification of the associated bacteria.


[image: ]Figure S3. Post - cultivation targeted FACS enrichment of abGMDs. Control population of cultivated aGMDs (A) and experimental cultivated population of abGMDs (D) using FSC (x-axis; linear scale) versus SSC (y-axis; log scale). (E) Cultivated abGMDs exhibiting chlorophyll autofluorescence higher than that of the cultivated control aGMDs shown in (B) using a 650/50 nm filter (x-axis at logarithmic scale) versus 530/40 nm filter (y-axis at logarithmic scale). (F) Gated selection of cultivated abGMDs exhibiting higher FSC (to distinguish from free
algae) and SSC (to distinguish from aGMDs without microcolonies) values than that of the
uncultivated controls. (C) Application of the same gating strategy shown in (F) to a cultivated aGMD control.

Iterative Selection. To selectively enrich for interspecies relationships (e.g. growth effects) using the HISCI technique, four rounds of selection were performed on co-cultured Chlorella sorokiniana 1412 and an environmentally sourced pool of bacteria (see methods, main text). GMDs were packaged with algal and bacterial cells (abGMDs) and enriched using FACS with the aforementioned pre-cultivation target enrichment strategy (Figure S1). These abGMDs were then packaged in MDs and incubated. The time a GMD is incubated is dependent on the growth rate of the species. We target the stage of microcolony growth prior to GMD bursting into MD space, so the GMDs may be flow sorted. In this case, we determined the growth rate of Chlorella and the bacteria to be sufficient after 7 days in a microfluidic collection chamber. After growth in the chamber, the abGMDs were recovered from their oil-phase (MD) by emulsion collapse and sorted by FACS with the aforementioned post-cultivation target enrichment strategy (Figure S3) into 24 or 96-well plates with 1 abGMD per well. The sorted abGMDs were grown for 10-14 in a 12 h light, 12 h dark cycle, and constant shaking at 120 RPM. After incubation, wells with the desired phenotype of increased algal growth were pooled. This pooled sample was filtered with a 5 m filter to remove algal cells, concurrently sequenced to identify the bacterial cohort present and repackaged into abGMDs with fresh C. sorokiniana 1412 to be re-entered into the next screen.
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Imaging mass spectrometry as a novel Cys-rich peptide detection technique in plant tissue

Abstract

A successful novel method for detecting Cys-rich peptides in plant tissue using MALDI-IMS is first reported. The novel method provides a rapid and robust screening method for peptide detection because extraction and purification processes are not required. In addition, the novel method also provides greater convenience for peptide characterization and determining peptide localization because it can perform these steps directly on tissue, resulting in the use of 10- to 20-fold less plant sample compared to that required for conventional methods. As a result, the novel method is successful for peptide detection in tissue and is probably applicable for the detection of other active Cys-rich peptides. 


Keywords


imaging mass spectrometry, MALDI-TOF, SEM, cyclotide, plant tissue, cryostat

Method summary


 The novel cyclotide detection method was performed by reduction, alkylation and enzymatic digestion on petunia plant tissue before determining the molecular weight of peptide coupled with its localization using MALDI-IMS. 


Introduction


Cyclotides are cyclic Cys-rich peptides from plants and consist of 28-37 amino acid residues with three interconnecting disulfide bonds (CysI-CysIV, CysII-CysV and CysIII-CysVI), which make them extremely resistant to thermal, chemical and enzymatic degradation
 ADDIN EN.CITE 
(1,2)
. Many research publications have reported on an extensive range of cyclotide biological activities such as insecticidal activity(3), nematocidal activity(4), uterotonic activity
 ADDIN EN.CITE 
(5,6)
, haemolytic activity(7), anti-HIV activity
 ADDIN EN.CITE 
(8-10)
, antimicrobial activity(11) and cytotoxicity(12). The general criteria used to screen for cyclotides according to Gruber and co-workers are based on (1) the hydrophobicity of peptides in the mass range of 2500-4000 Da and (2) the Cys content detected by reduction and alkylation steps. In addition, cyclotides contain a conserved glutamic acid residue (E) in loop 1 of their sequences that can be characterized by endoproteinase GluC enzyme digestion(13). The main method of cyclotide screening requires various MS techniques such as RP-HPLC coupled with MALDI-TOF and LC-MS.


Recently, matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) has been introduced as a powerful technique that provides the spatial distribution of a biological compound directly on a thin tissue section
 ADDIN EN.CITE 
(14,15)
. MALDI-IMS combines a histology technique with MS analysis, and the method has allowed thousands of molecules from tissue sections to be simultaneously analysed without the need for labels for detection, which overcomes the limitations of immunohistochemistry techniques
 ADDIN EN.CITE 
(16,17)
. MALDI-IMS is widely used to determine the localization of various biomolecules such as lipids
 ADDIN EN.CITE 
(18,19)
, drugs(20), peptides
 ADDIN EN.CITE 
(21,22)
 and proteins(23) in tissue for biological and clinical research
 ADDIN EN.CITE 
(24-28)
. However, large molecules such as proteins (MW>25 kDa) usually observe low signal intensities because of limited sensitivity of TOF analyzer(29). Consequently, some publications have reported on the characterization of proteins by in situ reduction(30) and tryptic digestion
 ADDIN EN.CITE 
(31,32)
 on tissue sections coupled with MALDI-IMS. 


MALDI-IMS has become a popular technique in plant science as there are several metabolites, such as lysophosphatidylcholine(33), alpha-tocopherol(33), phosphatidylcholine(33), sugars
 ADDIN EN.CITE 
(34,35)
 and protein/peptide(36), that have been successfully analysed their spatial distribution in plant tissue section. The analysis of the spatial distribution of plant biomolecule provides crucial information for understanding the mechanisms of biological processes(37). Furthermore, MALDI-IMS has started to provide for protein/peptide biomarkers in plant disease diagnosis(37), especially in Cys-rich peptides.
 ADDIN EN.CITE 
(38,39)
 Here, we firstly report the development of a novel method using MALDI-SpiralTOF-IMS for cyclotide characterization in Petunia axillaris leaves. In this research, we used this technique to obtain a high mass resolution of the cyclotides because it has a longer flight path (17 metres) than a conventional reflectron TOF(18). Finally, the results show that our novel method success in characterize cyclotides from petunia leaf tissue sections and has advantages over the conventional method. 


Material and methods

Extraction and Purification of petunia leaves                                                                                                      P. axillaris was purchased from a fresh market in Bangkok, Thailand, in 2017. The petunia leaves (15 g) were collected, and peptides were extracted according to a method of Poth and et al, giving crude peptide(40) The crude peptide was partially purified on a C18 solid phase extraction (SPE) according to a method of Niyomploy and et al.(12). Finally, fraction containing cyclotides at 30% (v/v) acetonitrile was collected for further peptide characterization.

Cyclotide determination after reduction, alkylation and enzymatic digestion using MALDI-SpiralTOF                                                        


The fraction containing cyclotides (10 mL) were freeze-dried and dissolved in 100 µL of 10 mmol/L NH4HCO3 (pH 8). Ten microlitres of 100 mmol/L dithiothreitol (DTT) was added to the peptide solution, and the mixture was incubated at 70˚C for 30 min to reduce the disulfide bonds in the peptides. The reduced peptides were then mixed with 10 µL of 250 mmol/L iodoacetamide (IAA), aerated with nitrogen gas and incubated for 30 min at room temperature and in the dark. Meanwhile, the reduced and alkylated cyclotides (20 µL) were combined with 5 µL of 50 µg/µL endoproteinase Glu-C and incubated at 37˚C for 18 h. The reduced and alkylated peptides and digested peptides were desalted with C18 ziptip and eluted in 10 µL of 80% (v/v) acetonitrile with 1% (v/v) formic acid. All peptide samples (1 µL) were mixed with 1 µL of 10 mg/ml MALDI matrix (sinapic acid, SA) in 50% (v/v) acetonitrile with 1% (v/v) trifluoroacetic acid before analysis with MALDI-SpiralTOF (JMS-S3000, JEOL, Japan). The MALDI-SpiralTOF was operated using the msTornado control in the spiral positive mode at a laser repetition rate of 250 Hz and a mass range of 2500-4000 Da. The raw data were analysed using msTornado Analysis to obtain the MS spectra.


Characterization of cyclotides in petunia leaf tissue using a cryostat coupled with SpiralTOF-IMS analysis


Petunia leaves were embedded in Jung tissue freezing medium (Leica Microsystems) on a specimen block and applied to a cryotome chuck. The frozen sample was cryosectioned (longitudinal section) using a Leica CM1950 with the chamber and object temperatures set at -20˚C and -18˚C, respectively. The frozen leaf section (15 µm thickness) was transferred to an indium tin oxide-coated (ITO) glass slide (0.7 mm Type II, Hudson) and dried in a desiccator for 30 min. The tissue sample was washed with cold 70% (v/v) and 96% (v/v) isopropanol to remove contaminant such as lipids or biological salt
 ADDIN EN.CITE 
(41)
 before being dried in a desiccator again for 15 min. Later, the leaf tissue section was sprayed with 100 mmol/L DTT and incubated at 70˚C. The reduced peptides on the tissue sample were then sprayed with 250 mmol/L IAA and sequentially transferred to a 50 mL falcon tube, aerated with N2, lidded and stored at room temperature in the dark. The sprayings in the reduction and alkylation steps were repeated every 15 min for 45 min using a penbrush sprayer (Procon Boy FWA Double Action Platinum 0.2 coupled with an Airbrush system, Mr. Hobby, Japan). To remove DTT and IAA, the reduced and alkylated cyclotides on the leaf section were then washed with 95% ethanol with 0.2% trifluoroacetic acid and normalized with 1 mol/L NH4HCO3 (pH 8) before being dried in a desiccator for 30 min. The dried tissue was treated with 1 µL of 50 µg/µL endoproteinase Glu-C and incubated at 37˚C for 18 h before being sprayed with 20 mg/mL SA matrix in 80% (v/v) acetonitrile with 1% (v/v) trifluoroacetic acid. The sample slide was placed on the MALDI-IMS target and evaluated with MALDI-SpiralTOF-IMS, which used a 349 nm Nd:YLF laser with a 0.02- to 0.03-mm diameter. The instrument was operated in spiral positive mode with a laser repetition rate of 250 Hz and a 50 µm raster over a mass range of 2,500-4,000 Da. Finally, the MS imaging data were analysed using msMicroImager Extract and msMicroImager view to obtain the MS spectrum and its image, respectively. Moreover, the spraying method was used in this experiment because it is the most suitable for protein detection on tissue(42).

Identification of cyclotides in petunia leaves using the fracturing method coupled with SpiralTOF-IMS and scanning electron microscopy (SEM)

Petunia leaves were prepared using a slightly modified fracturing method from Klein and et al.
 ADDIN EN.CITE 
(43)
. In this research, we used a 50mL falcon tube to roll the sample on kitchen tissue paper folded 3 times. The fractured leaves were attached on an ITO glass slide using conductive tape (Teraoka, Japan) following the cyclotide detection method for determining the molecular weight of the native peptides (m/z 3069) using MSI running conditions described in the experimental section. The surface of fresh petunia leaves and fractured leaves (before and after applying the MALDI matrix) were evaluated via SEM (JSM-IT300HR, JEOL, Japan).

Results and Discussion

1. Pre-investigation of cyclotides from petunia leaves extract

The MS profile (Figure 1A) showed that the most abundant cyclotide in petunia leaves was at m/z 3069, which correlated with the results from Poth and et al.(40). After reduction and alkylation, the native mass (m/z 3069) was shifted by +348 Da (m/z 3417), as shown the in the MS profile (Figure 1B), which indicated that the peptide has six cysteine residues and three disulfide bonds. Furthermore, the reduced and alkylated peptide was continually cleaved at the peptide backbone using endoproteinase Glu-C, resulting in a mass shift of +18 Da (m/z 3435; Figure 1C), which indicates that the peptide contains one glutamic acid residue. Consequently, we tentatively concluded that the cyclotide from our petunia leaves at m/z 3069 was identical to cyclotide (Phyb A) reported by Poth et al. using MALDI-TOF(40) because the peptide exhibited the significant features of Phyb A after the screening method(13). For instance, it appeared in the mass range of m/z 2500-4000 with hydrophobicity and had six Cys with three disulfide bonds as well as one glutamic acid (Glu) residue.

2. The novel developed method for in situ cyclotide detection in petunia leaves

2.1 Cryostat sectioning for sample preparation


The cyclotide at m/z 3069 from petunia leaves was used as a known standard peptide for in situ cyclotide detection. The results from MALDI-IMS (Supplementary Figure 1) showed that the isotopic peak pattern of the target cyclotide on petunia leaf section was distributed non-uniformly across the leaf section, which is consistent with the report from Poth and et al.(40), and there were no peaks at m/z 3417 or m/z 3435 observed. To validate the reliability and usability of the developed method, the reduction, alkylation and enzyme digestion steps were performed on leaf tissue and the developed method was repeated (Supplementary Figure 2). 

The MS spectra of the peptides across the leaf section and their localization are shown in Supplementary Figure 3 & Figure 2, respectively. Three monoisotopic peaks that are related to the native mass (m/z 3069), the reduced and alkylated mass (m/z 3417) and the digested mass (m/z 3435) were presented after the developed method (Supplementary Figure 3), and these mass peaks were also observed in the petunia extract from the conventional method (Figure 1). The peptides with these three masses were localized in different regions on the leaf (Figure 2) because the developed method for cyclotide detection performed on leaf tissue which normally has a lower efficiency than performing in solution resulting in incomplete reactions. The native peptide was distributed in the middle of the leaf (Figure 2B), whereas the peptides with masses at m/z 3417 and m/z 3435 were located on the right side of the leaf tissue but not exactly in the same region (Figures 2C&D). Consequently, the spatial distribution results and the MS spectrum profiles from MALDI-IMS indicated that the developed method is reliable and efficient for cyclotide characterization in leaf tissue (Supplementary Figure 3). Furthermore, to achieve a successful endoproteinase Glu-C enzymatic digestion, we found that the normalization process with NH4HCO3 (pH 8) plays a key role because pH has a significant effect on enzyme activity. 

2.2 Leaf fracturing method for sample preparation 

The modified fracturing method showed a high capacity to completely separate the leaf (Supplementary Figure 4). The result from MALDI-IMS showed a strong cyclotide signal at m/z 3069 with non-uniform distribution in the fractured leaf (Figure 3), which correlated with our previous results using the cryostat (Supplementary Figure 1). In addition, SEM was also used to evaluate the petunia leaf morphology before and after the modified fracturing method (Figure 4) and to determine the distribution of the matrix covering on the fractured leaves (Figure 5). The results from SEM showed that the fresh leaf consisted of the mid vein, the lateral vein and guard cells (Figure 4A). After the fracturing method, the cell component of the vascular bundle inside the mid vein and the disappearance of guard cells were observed, indicating that the leaf was very fragile (Figure 4B). Moreover, the native structure of the fractured leaf was preserved at a resolution of ∼50 µm, which is suitable for the image resolution for protein detection using typical MALDI-IMS(37), suggesting that the modified fracturing method was reliable and sufficient for further study via MALDI-IMS. 

Meanwhile, the quality of the matrix covering the fractured leaves was also determined via SEM. Matrix spraying on the glass slide was compared to the fractured leaf results to determine the matrix dispersion on the surface (Figure 5). The SEM results showed that the distribution of the SA matrix on a glass slide (Figure 5A) were identical to the matrix covered the entire fractured leaf (Figure 5B), resulting in a good signal for peptide detection. Furthermore, the SEM images also showed the full covering of matrix on the other fractured leaf parts, such as the mid vein (Figures 5C, 5D & Supplementary Figure 5A), the lateral vein (Figure 5E & Supplementary Figure 5A) and the reticulate vein (Supplementary Figures 5B & 5C); thus, the penbrush sprayer is another matrix spraying tool for achieving a good mass signal for peptide detection in plant tissue. 

Overall, the two different sample preparation methods were successful for detecting the target cyclotide. The cryostat sectioning method coupled with the developed method showed high sensitivity, selectivity and resolution, but sample preparation for this method is very time consuming and requires expertise. Meanwhile, the modified fracturing method is very simple, rapid and inexpensive because the method does not require chemical substances, high-performance equipment and a specialist. The mass resolution from the fracturing method, however, is lower than that from cryostat sectioning because the sample thickness and surface have a significant effect on the peptide signal.(37) Nevertheless, the fracturing method coupled with MALDI-IMS is proven to be a rapid screening method for known target peptide detection based on the molecular weight of peptide to obtain preliminary data or a profile of the peptide to use for further specific study, which can be analysed using cryostat sectioning coupled with the developed method. 

3. Comparison between conventional and novel cyclotide detection methods at the peptidomic level                

The conventional cyclotide screening method consists of three crucial parts: (i) pre-screening, (ii) main screening and (iii) post-screening(13). The pre-screening and main screening show various requirements such as extraction and purification in a long duration (at least 6-7 h), a lot of fresh sample, a specific solvent, a lot of equipment and many instruments. Moreover, only one plant species can be screened based on the hydrophobicity and mass range in one acquisition run using, for example, LC-MS. MALDI-TOF can be used to screen cyclotide-containing fractions of more than one plant species from RP-HPLC, but the more plant species that are extracted, the more fractions that will need to be analysed, increasing the time. 


Consequently, the novel cyclotide characterization of plant tissue is introduced to overcome previous problems and obtain a rapid screening method for cyclotides with high sensitivity and accuracy. As extraction is laborious and time consuming for chromatography techniques, we eliminated these steps and replaced them with a leaf tissue sectioning technique using cryostat or the modified fracturing method. Both tissue preparation techniques have the advantage of a small fresh sample requirement. The total time of the novel cyclotide detection method is at least 3 h (excluding enzymatic digestion step), and the method can characterize cyclotides from more than one sample in the same analysis as well as determine the localization of the peptide. Moreover, the novel method was successful in the enzymatic digestion process (an increase of the mass of the reduced and alkylated peptide by +18 Da. 


In particular, the fracturing method coupled with MALDI-IMS is suitable and beneficial for use as a rapid and robust screening method for known cyclotide because it can detect target peptides based on the molecular mass (at least 1 h) or molecular mass coupled with the presence of six Cys residues (at least 3 h) with a manual random shot of a tissue section. 

Future perspective


The developed method is successful to characterise cyclotide on leaf tissue. We think that the developed method can be applied to other plant families to discover bioactive peptides from new plant sources. Furthermore, the method has significant benefits for agricultural and pharmaceutical applications in the future such as the detection of Cys-rich peptides as biomarkers of plant diseases
 ADDIN EN.CITE 
(38,39)
, AMPs applied in transgenic plants
 ADDIN EN.CITE 
(44)
 and a greater understanding of the biological and biochemical processes between peptides and plant organelles in leaves. 
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