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The use of fluorescence-activated cell sorting in studying 
plant development and environmental responses

ANTHONY D. CARTER1,2, ROXANNA BONYADI1 and MIRIAM L. GIFFORD*,1,2

1School of Life Sciences and 2Warwick Systems Biology Centre, University of Warwick, Coventry, UK

ABSTRACT  Fluorescence-Activated Cell Sorting (FACS) is a powerful tool that enables plant 
growth and development to be studied at the cellular level. Flow cytometry is used to isolate 
subpopulations of cells, such as those of specific cell types, or cells at particular developmental 
stages that have been marked with fluorescent proteins. Transgenic technology has given us the 
ability to generate plants that express fluorescent proteins, not just constitutively in particular 
cell types, but also dynamically in response to endogenous or external factors. By processing such 
transgenic lines with FACS, it is possible to isolate distinct populations of cells in a wide range 
of likely response states for further analysis. This is particularly useful for investigating biological 
mechanisms in plants because the control of growth and development is manifest at the cell type 
level. Furthermore, the specificity of the resulting data enables fine modelling of the transcriptional 
networks that exert systems-level control of the transcriptome; hence key regulators of responses 
and processes in the plant can be identified. In this review, the current state of the art for FACS 
methods in plants is explored by means of case studies of research in which cell sorting allowed 
us to make significant new discoveries.
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Introduction

Multicellular organisms, such as plants rely on highly specialised 
cell types to perform discrete functions. For example, in the root, 
gravity is sensed in columella cells and reactivation of cell division 
in differentiated pericycle cells results in formation of lateral root 
primordia. In the leaf, stomatal guard cells play a critical role in 
regulating gaseous exchange between the plant and its environ-
ment, while carbon fixation occurs in mesophyll cells. To add a 
further layer of complexity, different cells within a single organ 
could be dividing, elongating, or differentiating; active, stressed, or 
dead; and/or responding to stimuli in subsets of their cellular type. 
Technologies that allow us to determine the genetic components 
that lead specialised cells to acquire specialised functions, one of 
the hallmarks of multicellular organisms, facilitate otherwise elusive 
insights into plant growth and development.

The consideration of cell specificity is intrinsic in the study of 
plant developmental biology and at the heart of research aiming 
to understand cell identity and developmental plasticity. Cell abla-
tion, for example, is a tool that has been used to understand how 
the position of a cell relative to its neighbours influences cell fate 
(Kidner et al., 2000). At the genetic level, fluorescent tagging of 
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promoters or genes has been employed to investigate cell-cell 
signalling events (Nakajima et al., 2001) and used in many studies 
to express genes in subsets of cells to mimic in vivo gene func-
tions (Liu et al., 2012). To complement functional genetic studies, 
gene expression profiling has become an important tool for de-
scribing both the scope of biological phenomena and identifying 
candidate genes involved in particular functions. Problematically, 
however, such genomic studies tend to ignore the importance of 
cell specificity and analyse the transcriptome of whole organs. 
This is a critical limit for interpreting transcriptomic data, since 
signal cascades from distinct cells could be confounded because 
samples are comprised of mixed cell types, each with individual 
levels and states of gene expression.

More recently, a number of technologies have been applied 
to allow genomic analysis of particular cellular molecules at the 
cell-type- or response-stage-specific level. The complete tran-
scriptome can be studied using either green fluorescent protein 
(GFP)-expressing plants for protoplast generation and subsequent 
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fluorescence-activated cell sorting (FACS) (Birnbaum et al., 2003) 
or laser-capture microdissection (Kleber and Kehr, 2006). The 
active transcriptome can be studied by means of the Isolation of 
Nuclei TAgged in specific Cell Types (INTACT) system for nuclear 
precipitation (Deal and Henikoff, 2010) and the translatome by 
immunoprecipitation of polysomes (Mustroph et al., 2009). Each 
of these technologies has advantages and disadvantages (for a 
review, see Rogers et al., 2012). This review discusses FACS, 
one of the most cost- and time-effective procedures for obtaining 
samples of great enough cell quantity and quality to facilitate ac-
curate investigation of cellular ‘omics’.

Plant development is mediated by cell-type specific 
processes

A fundamental aspect of multicellularity is the range and scale of 
cell differentiation. This differentiation is observable from the very 
first stages of plant development. For example, the Arabidopsis 
thaliana zygote divides asymmetrically into two daughter cells 
with distinct cell fates. The small apical cell gives rise to most of 
the embryo, whereas the larger basal daughter cell forms mainly 
the extra embryonic suspensor (Laux et al., 2004). Differences 
between cell types compared to each other and also the range of 
developmental stages in which a single cell type can exist, are both 
key aspects of cell specificity in the embryonic, juvenile, and mature 
plant. This enables each cell type to take on particular roles and 
functions, underpinned by the distinct transcriptomes expressed 
by each cell type or state. Cell type identity is also involved in 
determining which cells are capable of sensing internal and ex-
ternal conditions. For example, epidermal cells form the frontier 
between plant root or shoot and environment, and are responsible 
for recognising exogenous signals, such as pathogens and the 
availability of nutrients. Furthermore, the root epidermal trichoblast 
cells - root hairs - are one of the key sites for nutrient uptake in all 
plants while also playing a key role in the early stages of nodule 
formation in legumes. In the leaf, the formation of stomata through 
the differentiation of guard cells is vital for transpiration and gas 
exchange between the plant and the environment (for a recent 
review, see Lau and Bergmann, 2012). As such, the function and 
proliferation of guard cells is of particular relevance for improving 
water use efficiency (Davies et al., 2002).

Aside from mediating growth and nutritional uptake, cell-specific 
programs are fundamental to the developmental organisation of 
plant architecture. For example, lateral root organogenesis is 
initiated specifically in the pericycle through a program of asym-
metric, anticlinal cell division (Malamy and Benfey, 1997). A similar 
cell-type re-initiation of cell division is observed in the early stages 
of nodule formation in leguminous plants. During nodulation, Nod 
factor signalling in the epidermis is followed by protraction of an 
infection thread through root hairs into the cortex. At the same 
time, there is very rapid reactivation of cell division in cortical cells 
several layers below, to form the meristem of the developing nodule 
(reviewed in Oldroyd and Downie, 2008). While knowledge of the 
interlinking of plant response pathways to rhizobia and mycorrhiza 
is well established (e.g., Hirsch and Kapulnik, 1998; Geurts et al., 
2005), the mechanistic connections between lateral root develop-
ment and nodule formation are less well studied, but are evident 
at the cell-specific level.

Cell specificity mediates cellular responses to the environment 

and their plasticity. Understanding the scale of plasticity is highly 
important in the area of developmental biology, but can also help 
apply research to modify the efficiency by which plants use nutrients 
or water, or grow and develop. For example, the opening of stomata 
is regulated by the time of day and CO2 levels (Morison, 2006); 
hence, altering the response to such stimuli in those specific cells 
at particular times of day could reduce water loss by transpiration.

FACS is a high-throughput, accurate method for isolating 
cell types that preserves the endogenous transcriptome

FACS is a type of flow cytometry technique that allows a mixed 
population of cells to be analysed and sorted based on fluorescent 
properties (Fig. 1). The technique and technology (Bonner et al., 
1972) was developed initially to isolate mouse (Mus musculus) 
spleen cells bound to lactose-keyhole limpet haemocyanin (im-
munofluorescently labelled to allow sorting) by investigating the 
antigen productivity of cells derived from antigen-binding cells 
(Julius et al., 1972). FACS became a commonly used method for 
sorting cell populations that may be easily separated from each 
other, such as hematopoietic or cultured cells (Nelson, 1999; Mat-
tanovich and Borth, 2006). However, a decade ago, a number of 
methods and developments enabled FACS of plant cells.

The first key development to cell sorting in plants was the in-
creasing availability of transgenic plants expressing fluorophores in 
subsets of cell types. Any fluorophore can be used to mark cells for 
FACS, although in plants the use of GFP predominates due to the 
availability of GFP lines. These include both promoter:GFP lines that 
tag individual gene promoters (such as the pSCARECROW::GFP 
root endodermal marker; Birnbaum et al., 2003) and large enhancer 
trap collections in which a construct expressing the GAL4 DNA-
binding domain, the Upstream Activating Sequence, and GFP 
enables fluorescent expression under the control of regulatory 
regions at or near the insertion site (Haseloff, 1999), such as GFP 
marking lateral root founder cells in E3754 (Gifford et al., 2008). 
The second key component for facilitating FACS in plant cells was 
to deal with the presence of the protective cell wall. Methods were 
developed for protoplast generation by using cell wall-degrading 
hydrolytic enzymes to dissociate plant root cells (Birnbaum et al., 
2005). Thirdly, a adaptation was needed to be able to employ 
genome-level analysis to the small amounts of material that could 
be obtained from the rare cell types isolated. Unbiased amplification 
of RNA is now available thanks to kits (from a number of commer-
cial suppliers) and advances continue in the molecular biology for 
transcriptomics direct from pico quantities of RNA.

The first uses of FACS combined with whole-genome analysis 
using microarrays in plants aimed to dissect transcription in the 
plant root (Birnbaum et al., 2003; Brady et al., 2007). Analysis of the 
resulting data revealed novel cell-specific expression patterns that 
were masked in parallel analyses of the whole root. The unmasking 
showed gene expression that was either highly cell-type–specific 
or that exhibited a mixed induction/repression pattern across cell 
types, thus highlighting the power of FACS for identifying com-
plex expression patterns. A range of techniques, including in situ 
hybridisation, were utilized to evaluate the ‘digital in situ’ FACS 
expression pattern to validate the microarray data and confirm that 
FACS samples reflected endogenous expression patterns. FACS 
was found to preserve the majority of endogenous responses in 
spite of the protoplast generation procedure. The small number 
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of genes that are significantly affected by protoplast generation or 
FACS can be removed from subsequent analysis without major 
loss of genomic detail (Birnbaum et al., 2003; Gifford et al., 2008).

Understanding gene expression across cell types and 
developmental zones in the Arabidopsis root

A key aim of cell-type–specific analysis in any multicellular 
organism is to map molecular components across each cell type. 
Birnbaum and colleagues (2003) were the first to chart relative 
gene expression across different cell types of the Arabidopsis 
root (Birnbaum et al., 2003). Root cell types were GFP-marked 
and sorted in five populations – stele, endodermis, endodermis + 
cortex, epidermis, and the lateral root cap. In addition, dissection 
was used to obtain samples from three different developmental 
stages –the root tip/meristematic zone, the elongation zone, and 
the zone where cells are fully elongated/differentiating. Dissection 
and FACS were combined to generate 15 root zone samples. A k-

means clustering of the zone-specific expression data was used to 
build a map of localised gene expression within the root, identifying 
clusters of genes with enriched expression levels within subsets 
of the subzones, termed Localised Expression Domains (LEDs) 
(Fig. 2A) (Birnbaum et al., 2003).

A total of 10,492 genes were determined to be expressed in 
at least one zone, of which 5,712 genes were found to vary in 
expression by at least 4-fold between any two zones. This is a 
striking level of zonal specificity and it highlights the heterogeneity 
of expression within a plant organ, validating the use of cell-specific 
analysis to accurately analyse plant development. The study also 
implicated specific genes in controlling cell specificity since the 
expression levels of particular transcription factor (TF) families 
were found to exhibit specificity to particular LEDs. For example, of 
nine TFs in LED 3 (stage 3 development in the stele, endodermis, 
and cortex), eight are MYBs, a diverse family with known roles in 
developmental control, metabolism, and stress response (Martin 
and Paz-Ares, 1997). In the lateral root cap, WRKY TFs, genes 

Fig. 1. Fluorescence-Activated Cell Sorting (FACS) workflow. (A) Transgenic plants carrying a 
fluorescent reporter construct conferring cell- or tissue-specific expression are chosen for an experi-
ment; for instance, Medicago truncatula roots expressing GFP  expressed in the cortex to investigate 
nodule development in cortical cells. (B) Roots are harvested and treated with enzymes to dissociate 
cells, which are then filtered to break up large cell clumps. (C) In a typical FACS machine, the cell 
sample is injected into a sheath fluid sort stream, then the stream is vibrated at high frequency to 
break it into uniform droplets containing no more than one cell each. (D) Laser light and detection 
filters are combined to measure the fluorescence and other properties (such as size) of each droplet. 
(E) The emission spectrum is analysed and appropriate ‘gates’ of wavelength determined to define 
the positive and negative droplets for sorting. (F) An electrical charge is imparted on droplets within 
each gate. (G) Electrical plates deflect charged droplets (here illustrated for two-way sorting (green/
grey shaded cells) with a waste collection of all other cells (blue)). (H) Cells are collected into tubes 
and then used for visual analysis (for instance, confirmation of fluorescence levels) or collected into 
tubes that contain buffer to immediately lyse cells for rapid molecular extraction.

known to perform key signalling roles across 
a range of plant processes (Rushton et al., 
2010) were prevalent (Fig. 2A).

Within the Arabidopsis root, there are sev-
eral very low abundance cell types, including 
the four cell quiescent centres (QCs). The 
specificity of FACS was suitable to profile the 
QC. By comparison with the data of Birnbaum 
et al., (2003), Nawy et al., (2005) were able 
to identify 290 QC-enriched transcripts (Fig. 
2B). Functional analysis was used to explore 
the QC-enriched genes, uncovering a high 
level of redundancy, perhaps an indication of 
the critical importance of this cell type (Nawy 
et al., 2005).

Following the early plant FACS work, 
the expression map concept was taken 
further using greater longitudinal resolution 
and coverage of almost all root cell types 
(Brady et al., 2007). Eight new GFP-marked 
lines were sorted and combined with exist-
ing FACS data to collectively form a 19 cell 
population dataset, and samples were taken 
from 13 longitudinal 5-cell-long root sections 
extending from the columella to the matura-
tion zone. Studying increased numbers of 
cell types delivered the resolution to identify 
genes with expression peaks in multiple cell 
types. The vast longitudinal resolution of this 
study also allowed investigation into temporal 
variation in gene expression, with each longi-
tudinal section representing a developmental 
timepoint. A number of genes were found to 
exhibit fluctuating expression levels along the 
longitudinal axis, surprising given the expec-
tation that cells close together would exhibit 
more similar expression patterns compared 
with those further apart. However, this may 
be seen comparable to the priming of only a 
select number of pericycle cells for the later 
reactivation of cell division and differentiation 
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into lateral root primordia (De Smet et al., 2007). To investigate this 
developmental specificity, FACS was used to profile the pericycle 
cells that reactivate cell division by analysing xylem-pole pericycle 
cells exposed to inductive auxin treatment over a 6-hour time 
series (De Smet et al., 2008). The 1,920 differentially expressed 
genes implicated in the early stages of lateral root organogenesis 
from the FACS transcriptome, could be narrowed down to one 
gene, ARABIDOPSIS CRINKLY4 (ACR4) –known to function in 
cell layer organisation in other tissues (Gifford et al., 2003) – that 
was identified as a new key regulator of formative pericycle cell 
division (Fig. 2D).

Zonal specificity of gene expression in the shoot apical 
meristem

FACS methods for plants were first developed in roots and have 
improved our understanding of roots considerably. The plant shoot 
is composed of as equally complex a set of cell types, but FACS is 
made more challenging due to chlorophyll autofluorescence of leaf 
cells. Nevertheless, more recently, methods have been developed, 
to isolate, for instance, guard cells in the leaf (Grønlund et al., 2012), 
and the shoot apical meristem (SAM) has been isolated and the 
transcriptome profiled (Yadav et al., 2009). Due to the wild-type 

Fig. 2. Novel discoveries from fluorescence-activated cell sorting (FACS) enabling better understanding of plant growth and development. 
(A) Cell-type and developmental stage-specific results from Birnbaum et al., (2003). Phytohormones (left, arrows pointing to the cell type within each 
stage) and transcription factor families (right, green highlights indicating the cell types within each stage) together control root development by mediat-
ing cell-type–specific functions or responses. (B) Analysis of expression in AGAMOUS-LIKE42 (AGL42)-marked QC cells compared to other root cell 
types in Nawy et al., (2005) identified 290 QC-enriched transcripts. The functions of the 290 QC genes suggest that the QC acts as a hormone signal-
ling centre. (C) FACS used to identify a novel pericycle-specific nitrogen-regulated control of lateral root development (Gifford et al., 2008). Assimilated 
nitrate (NO3) in the form of glutamate/glutamine (Glu/Gln) represses microRNA167, in turn repressing ARF8, which controls a regulatory module that 
induces lateral root primordia development but represses primordium emergence. (D) The first cell divisions of lateral root development in the pericycle 
were found to be controlled by the receptor-like kinase ACR4 (De Smet et al., 2008) by means of transcript profiling of auxin-activated FACS-isolated 
xylem pole pericycle cells. (E) Separating the Arabidopsis SAM into three cell regions - peripheral zone (PZ), rib meristem (RM), and central zone (CZ) 
- by FACS enabled identification of stem-cell–enriched processes (Yadav et al., 2009). (F,G) Responses to iron-depletion (F) and high salt conditions (G) 
were FACS-profiled across four developmental zones and in six cell types (Dinneny et al., 2008). This analysis of how root cell types coordinate stress 
revealed that more ubiquitous responses are stress specific, whereas cell-type–specific biological processes are common targets for stress regulation, 
such as cell wall biosynthesis, consistent with phenotypic effects. An overview of some of the processes identified and whether they are positively (+) 
or negatively (-) affected by the stress is shown according to cell/stage location (green shading, with the less diffuse green for stronger localisation).

G

B

C

D

E

FA
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Arabidopsis SAM consisting of only approximately 35 cells of four 
cell types, Yadav et al., carried out FACS on the double mutant, 
apetala1-1;cauliflower1-1 (ap1-1;cal1-1), which has an enlarged 
SAM (Ferrándiz et al., 2000). Three cell zones were labelled with 
cell-specific promoters driving fluorescent protein expression - the 
central zone, rib-meristem, and peripheral zone - and the remaining 
SAM cells obtained by sorting non-GFP-labelled SAM cells (Fig. 
2E). FACS-identified expression patterns, verified by in situ RNA 
analysis, proved a much more sensitive analysis tool than whole 
shoot/leaf studies. The cell-specific approach showed that the 
central zone was enriched for genes involved in DNA metabolism, 
replication, and repair as well as epigenetic regulation, providing 
new evidence of the similarity to mammalian stem cells that express 
similar processes.

Arabidopsis roots exhibit a high degree of cell-type 
specificity in response to abiotic stimuli

Once it was confirmed that cell sorting preserves the vast ma-
jority of endogenous expression levels, FACS techniques were 
applied to study rapid and transient signalling of environmental 
factors in the root (Dinneny et al., 2008; Gifford et al., 2008). Cell-
type specific nitrate responses were analysed by profiling gene 
expression changes following nitrate influx in five GFP-marked 
cell type combinations (Gifford et al., 2008). Whole root studies 
had previously identified 4,139 nitrogen-responsive genes, but in 
the cell-type–specific study, 6,202 such genes were found. The 

sensitivity of the FACS profiling allowed detection of nitrogen-
responsive transcriptomic reprogramming specific to particular cell 
types. A novel finding was the control of regulation of the balance 
between lateral root primordia formation and outgrowth by the 
AUXIN RESPONSE FACTOR 8 (ARF8) transcription factor via 
glutamine/glutamate (assimilated nitrate)-repression of miR167 
(Gifford et al., 2008) (Fig. 2C). Without the specificity conferred by 
FACS, this discovery would not have been possible. Comparisons 
between sorted cell types and whole organs validate the use of 
FACS, but are also informative: 2,868 of the genes differentially 
expressed to nitrogen in roots are not identified in the sorted cell 
populations, but, as the GFP lines used (Gifford et al., 2008) do 
not encompass all root cell types or developmental stages, this 
argues for further FACS profiling.

The effects of salt stress and iron deficiency on the root were 
analysed with three complementary experiments (Dinneny et al., 
2008). A time series in whole roots was performed, the responses 
across longitudinal root sections were obtained via dissection, 
and FACS was used to isolate individual radial root zones (Fig. 2 
F-G). For iron deficiency, ten times as many genes could be iden-
tified that respond in isolated cell types compared to longitudinal 
sections. A large number of genes were uncovered by the time 
series analysis, but only 10% of them were found to respond in 
common with single cell types, suggesting that there is a global 
time-dependent iron deficiency response, but also a high degree 
of radial specificity, perhaps indicative of local stress conditions. 
Salt stress responses were particularly cell type specific, with 

Fig. 3.  Analysis of the magnitude and cell speci-
ficity of gene expression in four Arabidopsis root 
transcriptome studies. Density distributions of maxi-
mum fold changes between cells (calculated using the 
density function in R, with n=10,000; R Development 
Core Team, 2012) belonging to cell types isolated by 
FACS (black) and developmental stages isolated by 
dissecting roots at intervals (red): (A) Expression map 
of five radial cell types and three longitudinal zones 
(Birnbaum et al., 2003). Similar maximal fold changes 
occur between cell types and developmental stages, 
with only a slightly higher density around a fold change 
of 3, indicating a marginally greater variation between 
cell types. (B) Expression map of 19 radial cell types 
and 13 longitudinal zones (Brady et al., 2007). Distri-
butions highlight a high degree of cell-specific gene 
expression. The increased longitudinal resolution of the 
dataset compared to that of Birnbaum et al., (2003) 
does not alter the distribution of developmental stage 
densities greatly, with a small increase in peak from 
1.42 (A) to 1.97 (B). The peak maximal fold change 
across cell types is 4.45, indicating that a large number 
of observed genes vary greatly within root tissue. (C) 
Nitrate treatment vs. control in five cell types (Gif-
ford et al., 2008). (D) The nitrate treatment caused 
a slight increase in frequency of maxima between 3 
and 5 compared with controls indicating that nitrate-

B

C D

A

responsive genes were highly cell-type specific. (D) Salt treatment and iron deficiency vs. control in six cell types (Dinneny et al., 2008). Similarly, 
marginal shifts indicating cell type specific responses are observed in both salt treatment and iron deficiency data compared with respective controls.
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3,862 salt-responsive genes across cell types compared to 569 
in whole roots and 1,173 across longitudinal zones. The overlap 
of just 174 genes between the three experiments suggests that 
both zonal and cellular responses are distinct and non-uniform. 
Water-stress-related genes were found to be activated across all 
cell types as would be expected under high salt conditions, though 
known salt stress response genes were enriched only in the stele, 
further indicating the cell-type specificity of root responses to stimuli.

Quantification of the scale of gene expression changes 
revealed using FACS

To investigate the level of variation between cell types relative to 
developmental stages and the effect of abiotic stresses on whole 
roots, distributions of maximum fold changes between cell zones 
were analysed. We analysed normalised transcriptome data from 
Birnbaum et al., (2003) (Fig. 3A) and Brady et al., (2007) (Fig. 
3B) that mapped cell-specific gene expression across cell types 
and developmental zones, as well as our data investigating cell-
type–specific responses to nitrogen influx (Gifford et al., 2008) 
(Fig. 3C) and cell-type–specific responses to salt stress and iron 
deficiency from Dinneny et al., (2008) (Fig. 3D). In each case, the 
maximum fold change between cell types/zones were calculated 
for each gene. The results show that there is an increased level 
of variability in gene expression between individual cell types 
compared to the different zones of the root, highlighting the power 
of FACS in identifying dramatic, yet highly, cell-type–restricted 
changes in transcript expression (Fig. 3 A-B). Within studies that 
profiled gene expression changes to treatments in different cell 
types, FACS identified treatment-dependent responses in cellular 
patterns and allowed identification of exclusive high magnitude 
responses specific to single cell types (Fig. 3 C-D).

Cell sorting combined with other technologies

The ability to carry out FACS in plants has yielded a number of 
discoveries that were only made possible through the use of cell 
sorting (Fig. 3), and cell-specific analysis is not limited to simply 
creating expression maps of organs. FACS can be easily combined 
with functional genetic analysis, for example, by crossing GFP 
lines with mutant lines carrying T-DNAs (Scholl et al., 2000). The 
analysis of the cell-specific effects of mutations on gene expression 
allows a comparison of the cellular pattern of perturbations, which 
is highly relevant for interpreting molecular phenotypes controlling 
development and also for understanding genetic redundancy. For 
rapid molecular characterisation, protoplast cell cultures are often 
transformed with overexpression or RNA interference constructs. 
By incorporating a fluorescent marker in these constructs, it is pos-
sible to filter out the cells that were not successfully transfected, 
culminating in a more homogenous population of cells for analysis 
of gene perturbation (Bargmann and Birnbaum, 2009).

Cell sorting can refine a number of other molecular methods. 
Even for cell types that are more easily dissociated, such as male 
gametophyte cells (pollen), the use of FACS can improve the 
purity of samples for subsequent analysis (Becker et al., 2003). 
Furthermore, between each stage of development, pollen shows 
remarkable levels of stage-specific transcription. This information 
can be used to select pollen-stage–specific fluorescent markers 
for subsequent FACS.

Individual cell types are dynamic, comprising cells at different 
developmental stages and undergoing different responses, and 
can be separated using combinations of distinguishable fluores-
cent reporters to enable four-way, two-colour sorting. A prescient 
example of developmental specificity within a cell type is lateral 
root formation. The initial stages of lateral root development, from 
the re-initiation of cell division to the protrusion of the lateral root 
tip through the epidermis, take place over a short time scale. Put 
together with the fact that only a small number of pericycle cells 
initiate lateral root organogenesis (lateral root founder cells), this 
represents a narrow developmental and spatial window of cells to 
isolate for an analysis of lateral root development. As discussed 
above, FACS analysis of this small subset of pericycle cells has 
been used successfully to identify a new key regulator of lateral 
root development (De Smet et al., 2008).

Single cell-type to single cell

FACS is now a widely used technique in biology for analysis of 
genomic and genetic expression patterns (reviewed in Galbraith, 
2012). Two of the new frontiers for single cell-type analysis are 
further examination of the molecular landscape (metabolome, 
proteome, etc.) in cell types or refinement of the single cell level. 
Whereas RNA  amplification protocols can be used for transcriptomic 
analysis to increase the quantity of molecular samples for analysis, 
proteomics and metabolomics rely either upon more starting mate-
rial for FACS or upon increased power detection and quantification 
in the analytical technologies. However, headway is being made 
and the feasibility is increasing of studying the metabolome (re-
viewed in Rubakhin et al., 2013), proteome (Taniguchi et al., 2010; 
Salehi-Reyhani et al., 2011), and epigenome (Kantlehner et al., 
2011) in cell types, and the transcriptome in single cells (Hartmann 
and Klein, 2006; Hebenstreit, 2012). For example, Petricka et al., 
(2012) were able to obtain a dataset for approximately 10% of the 
proteome in the Arabidopsis root, by using stringent parameters 
for protein identification to ensure accuracy, whereas Moussaieff 
et al., (2013) used relative metabolomic data from wild-type whole 
roots and sorted cells (without fluorescent gating) to normalise data 
obtained from individual cell types. FACS has also been utilized to 
examine the distribution of the ubiquitous, but highly cell-specific 
small hormone molecule auxin (Petersson et al., 2009), combining 
cell sorting with mass spectrometry analysis. For each of these 
applications, FACS offers more than other cell-specific technologies 
because it is not restricted to delivering the active transcriptome 
of cells and allows a large number of similar cells to be harvested 
in rapid succession (Rogers et al., 2012).

A recent direction in systems biology is the study of heterogeneity 
and stochasticity within cell types to gain a finer mechanistic level of 
detail on cell-specific responses (Munsky et al., 2012). By analysing 
gene expression in large numbers of individual cells cell-by-cell, it 
is possible to elucidate variability and the degree of noise within a 
cell type. The output from FACS can be isolated into plates of up 
to 384 wells in most machines, allowing for sufficient sampling of 
cell populations, whereas the amplification of mRNA from a single 
cell for microarray analysis is feasible by means of state-of-the-art 
RNA amplification kits. For instance, individual human epidermal 
cells were isolated and gene abundance measured both gene-by-
gene by polymerase chain reaction (PCR) optimised for single-cell 
analysis and genomically by Illumina BeadArray microarray (Tan 
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et al., 2013). Hierarchical clustering demonstrated that epidermal 
cells had a relatively high preservation level of global gene expres-
sion profiles within subpopulations of cells in cell-to-cell replicates.

RNA sequencing methods have been developed for the small 
amounts of RNA obtainable from single cells (single cell RNA-
sequencing [scRNA-seq]; Hebenstreit, 2012). In mouse blastocysts, 
scRNA-seq has been used to investigate the transition of cells in the 
inner mass to embryonic stem cells, uncovering large transcriptomic 
changes and alternative splicing (Tang et al., 2010). Each of the 
four current methods for scRNA-seq still requires RNA amplifica-
tion and, thus, introduction of potential amplification bias; however, 
the optimisation of on-FlowCell Reverse Transcription Sequencing 
(Mamanova and Turner, 2011) presents an attractive future for 
single-cell transcriptomics. Combined with FACS, this method 
will open up a new way to study plants on the cell-specific level.

Conclusions and perspectives

Accuracy and applications have greatly increased since details 
of the first FACS instrument were published. While the principles 
and mechanisms of more recent machines have remained similar, 
advances in molecular biology and the availability of transgenic 
lines have improved our ability to efficiently and accurately obtain 
subpopulations of single cell-types. FACS was originally used 
to isolate cells expressing a single fluorescent marker, but the 
combinations of lasers, detectors, and filters available on the 
current generation of cell sorters allow the observation of multiple 
fluorophores and four-way sorting.

It is a core goal of systems biology to be able to meaningfully 
link biological processes occurring in a cell with the functionality 
of entire organisms and even populations. Single-cell techniques 
bring measurements previously available only for large portions of 
the plant (such as leaf, root, or cell file), to a new frontier, bringing 
bottom-up and top-down research approaches closer together. At 
present, most work using FACS in plants has used Arabidopsis, 
but this is likely only due to the paucity of suitable transgenic fluo-
rescent cell-type-specific marker lines in other species. This gap is 
already being narrowed, for instance for rice (Oryza sativa) (Evrard 
et al., 2012) and can be mitigated by employing other cell-type 
level methods (such as laser capture analysis of rice cell types; 
Jiao et al., 2009). Put together, it is likely that in the future a much 
greater share of ‘omics’ analysis across all species will occur at 
the level of the individual cell.
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