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1 | INTRODUCTION

| JenaS. Gilbertson® | Bo Xie"? | Zhihong Song?? |

Abstract

The extensive collection of glossy (gl) and eceriferum (cer) mutants of maize and
Arabidopsis have proven invaluable in dissecting the branched metabolic path-
ways that support cuticular lipid deposition. This bifurcated pathway integrates a
fatty acid elongation-decarbonylative branch and a fatty acid elongation-reductive
branch, which collectively has the capacity to generate hundreds of cuticular lipid
metabolites. In this study, a combined transgenic and biochemical strategy was im-
plemented to explore and compare the physiological function of three homologous
genes, GI2, GI2-like, and CER2, in the context of this branched pathway. These bio-
chemical characterizations integrated new extraction chromatographic procedures
with high spatial resolution mass spectrometric imaging methods to profile the cu-
ticular lipids on developing floral tissues transgenically expressing these transgenes
in wild-type or cer2 mutant lines of Arabidopsis. Collectively, these datasets establish
that both the maize GI2 and GI2-like genes are functional homologs of the Arabidopsis
CER2 gene. In addition, the dynamic distribution of cuticular lipid deposition follows
distinct floral organ localization patterns indicating that the fatty acid elongation-
decarbonylative branch of the pathway is differentially localized from the fatty acid

elongation-reductive branch of the pathway.

Additionally, this biological process is physically distributed among

different compartments at the cellular and subcellular levels (plas-

The multicellular nature of plants has provided challenges to deci-
phering the genetic and biochemical mechanisms that regulate ex-
tracellular cuticular lipid biogenesis. These lipids are produced by the
epidermal cell layer that accounts for only about 10% of the cellular
population of the aerial organs of plants (Jellings & Leech, 1982).

tids, cytoplasm, endoplasmic reticulum, and plasma membrane of
epidermal cells). The barriers associated with this complexity have
been partially overcome with forward genetic approaches that use
eceriferum (cer) mutants of Arabidopsis (Koornneef et al.,, 1989),
glossy (gl) mutants of maize (Schnable et al., 1994) and tomato
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(Leide et al., 2007; Vogg et al., 2004), and wax crystal-sparse leaf (wsl)
mutants of rice (Wang et al., 2017; Yu et al., 2008), which has led to
the molecular identification and characterization of genes involved
in cuticle deposition. Many examples indicate, however, that the iso-
lation of the causative gene that gives rise to the defect in cuticular
lipid deposition is only the starting point for detailed understand-
ing of the functionality of the isolated gene in the context of cuti-
cle biosynthesis (Bernard & Joubés, 2013; Post-Beittenmiller, 1996;
Samuels et al., 2008).

These complexities can be partially overcome by applying de-
tailed proteomic and/or metabolomics characterizations, comparing
mutant and wild-type plants. However, a particular limitation with
these experiments is the fact that these techniques are generally
performed on tissue extracts that homogenize tissues and cells
that are at different developmental stages, and thereby losing in
situ localization and developmental states of the cell population.
Technologies that make use of “reporter” interactions can visualize
gene expression at high spatial scale resolution; for example, in situ
nucleic acid hybridization and antibody reactivity (Griffin et al., 1998;
Kipper et al., 2007; McFadden, 1995), or genetic fusion with fluores-
cent reporters (Chalfie et al., 1994; Gallagher, 1992; Koo et al., 2007;
Ow et al., 1986). Thus, these technologies produce data concerning
the spatial distribution of macromolecules and generate data that
provide indirect insights of the in vivo flow of intermediates of me-
tabolism through metabolic networks in and among different cells.
Moreover, data generated by these techniques are not necessarily
dynamic. This gap in the biochemical characterization pertaining to
the nature and regulation of metabolism can be partially overcome
with mass spectrometric imaging (MSI; McDonnell & Heeren, 2007).

MSl is a rapidly growing technology known for its ability to pro-
vide high spatial resolution data on the cellular location of metab-
olites, detecting extremely small amounts of metabolites (i.e., high
sensitivity), and providing chemical identification data concerning
the detected analyte. Additionally, among the several molecular ion-
ization techniques that are used in MSI, the use of diverse ionization
technologies as in the case of matrix-assisted laser desorption ioniza-
tion (MALDI)-MSI further enhances the abilities of this technology.
Hence, it is now possible to analyze the spatial distribution of a vari-
ety of different classes of compounds (e.g., lipids, proteins, and small
molecules) in both plant and animal tissues (Amstalden van Hove
et al., 2011; Angel & Caprioli, 2013; Jungmann & Heeren, 2012; Lee
etal., 2012; Svatos, 2010).

As exemplary application of this imaging technology, the focus of
this study was the characterization of two homologous maize genes,
GI2 and GI2-like, whose specific biochemical functions are still un-
clear, but both genes are known to impact cuticular lipid deposition
(Alexander et al., 2020; Bianchi, 1975; Tacke et al., 1995). GI2 was
initially identified as a product of a forward genetic screen (Hayes
and Brewbaker, 1928) and, subsequently, following its molecular
characterization (Tacke et al., 1995) it led to the identification of the
homologous GI2-like gene (Alexander et al., 2020). Similar to GI2,
the CER2 gene was initially characterized as a mutant that affects

the normal accumulation of cuticular lipids on Arabidopsis stems

(Jenks et al., 1995; Koornneef et al., 1989; McNevin et al., 1991), and
subsequent molecular characterization of this locus established the
sequence homology between GL2 and CER2 (Negruk et al., 1996;
Xia et al., 1996); and these two genes proved to encode archetypal
members of the BAHD family proteins (D’Auria, 2006). Additional
molecular and genetic analysis identified that the Arabidopsis ge-
nome contains four additional CER2 homologs, these being called
CER2-like genes (Haslam et al., 2017), one of which had originally
been genetically characterized as the cer26 mutant (Pascal et al.,
2013). More recently we compared the functionality of the GI2 and
Gl2-like genes by genetic complementation assays, relative to the
function of the Arabidopsis CER2 gene (Alexander et al., 2020).

In this study we illustrate the application of two specific ana-
lytical capabilities that overcome shortcomings associated with
traditional “bulk” tissue characterizations. Moreover, many such re-
ported studies of cuticular lipid mutants are limited to assays that
measure metabolic outcomes taken at a single time point, and thus
ignore the dynamics of the system. Furthermore, the use of more
assiduous analytical technologies enabled the detection and mea-
surement of cuticular lipid accumulation patterns in discreet tissue
samples. Specifically, we used the on-column large volume injection
capabilities of the LVI-PTV injector (Engewald et al., 1999; Wilson
et al., 2000) that concentrates dilute samples during the gas chro-
matography (GC)-injection process, and thus assayed the dynamics
of cuticular lipid accumulation during the development of single
Arabidopsis flowers. We coupled this capability with the use of
MALDI-MSI (Cha et al., 2009; Feenstra et al., 2017; Jun et al., 2010;
Lee et al., 2012) to examine the changes in the distribution of cu-
ticular lipids on developing Arabidopsis wild-type and cer2 mutant
flower surfaces, and obtained dynamic cuticular lipid data, at spatial
resolution of a few cells.

2 | MATERIAL AND METHODS
2.1 | Plant material and growth conditions

Arabidopsis genetic seed stocks were obtained from the Arabidopsis
Biological Resource Center (www.arabidopsis.org). These included
seeds of the wild-type Col-O ecotype, and the SALK_084443C
mutant line, which carried a T-DNA insertion mutation at the
At4g24510 locus in the Col-0 background, that is, the cer2-5 mutant
allele. As previously described (Alexander et al., 2020), both these
Arabidopsis lines used as hosts for transgenes that overexpressed
the maize GI2 (GRMZM2G098239; Zm00001d002353) or GI2-like
(GRMZM2G315767; Zm00001d024317) ORFs. In addition, we gen-
erated a control transgenic line that overexpressed the CER2 ORF
in the cer2-5 mutant background. The expression of all transgenes
was under the transcriptional control of the CaMV 35S promoter. All
plants were grown in a growth room maintained at 22°C, and under
continuous illumination.

Biochemical analyses were conducted on Arabidopsis de-

veloping flowers (Figure 1) harvested at four defined stages of
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FIGURE 1 Arabidopsis flower development. Stage A are flowers with closed buds; Stage B flowers are identified by the first emergence
of petals from the bud; Stage C, the emerging petals are perpendicular to the flower axis; and at Stage D the flower recloses and the

developing silique begins to emerge

development: a) Stage A are flowers with closed buds; b) Stage
B flowers were identified by the first emergence of petals from
the bud; c) Stage C flowers were identified as presenting emerg-
ing petals that are perpendicular to the flower axis; and d) Stage
D flower reclosed and the developing silique was just starting to
emerge. Time-lapse video-photography was used to determine the
timing of the transitions between each stage of flower develop-
ment, and weight of flowers was determined at each of the four
development stages, from 2 to 3 biological replicates consisting of

6 to 13 pooled flowers.

2.2 | Cuticular lipid analysis of single
Arabidopsis flowers

Extracellular cuticular lipids were extracted from individual flow-
ers at each developmental stage (Stages A to D). Biologically repli-
cated data were gathered by extracting extracellular cuticular lipids
from six individual flowers at each stage of development, with each
flower being harvested from independent plants. For quantification
purposes, an aliquot of 0.01 pug hexacosane, dissolved in chloroform,
was applied to the individual flowers, and after the solvent had evap-
orated, the flowers were immersed in 0.5-mL chloroform for 60 s.
After the flower had been removed, the chloroform solvent con-
taining the extracted extracellular cuticular lipids was dried under a
stream of N, gas. The dried extract was treated with 0.07-mL N,O-
Bis (trimethylsilyl) trifluoroacetamide (BSTFA) with 1% trimethyl-
chlorosilane (TMCS; Sigma-Aldrich) 70°C for 30 min, and 10 pl was
injected into the GC.

GC-MS analysis was performed with an Agilent 6890 GC inter-
faced to a 5973 mass spectrometer. The GC was equipped with a
LVI-PTV inlet injector (Agilent Technologies, Santa Clara, CA), which

enabled the analysis of dilute samples by providing a means of

concentrating large injection volumes (10-pl). The GC was equipped
with a HP-5 ms column (30 m x 0.25 mm i.d. coated with a 0.25 pm
film, Agilent Technologies). Chromatography was conducted with a
mobile gas phase of helium at a flow rate of 0.1 ml/min. The column
oven temperature was programmed to increase from 80°C to 180°C
at 20°C/min, and held at this temperature for 1 min, then ramped to
220°C at a rate of 5°C/min, held at this temperature for 5 min, and
finally ramped to 320°C at 10°C/min, and held there for 10 min. The
interface temperature to the mass spectrometer was at 280°C, and
the ionization voltage for mass spectrometry was set at 70 eV.

The GC/MS data files were deconvoluted by National Institute of
Standard and Technology Automated Mass spectral Deconvoluted
and ldentification System (NIST AMDIS) software, and searched
against an in-house compound library as well as the NIST 14 Mass
Spectral Library. The abundance of the extracellular lipids was cal-

culated based on the peak size of the spiked hexacosane standard.

2.3 | Mass spectrometric imaging of flowers

Flowers collected at the four developmental stages were attached
to Indium Tin Oxide (ITO)-coated glass slides (Fisher Scientific,
Pittsburg, PA) with double-sided tape. Flowers were carefully
opened for imaging the adaxial surfaces of the floral organs using
fine tweezers and a dissecting needle. For the abaxial (lower) sur-
face, petals and sepals were carefully dissected and placed on the
double-sided tape. Care was taken to ensure that all flower organs
were flat on the MS imaging slide. The attached samples are dried in
a glass vacuum desiccator for 30-60 min. Flowers were then sputter
coated with silver target 3NS (99.95% purity; ESPI Metals, Ashland,
OR) for 50 s, using a Cressington 308R Sputter Coater (Redding,
CA, USA) at an argon partial pressure of 0.02 mbar, and a current
of 80 mA.
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A 7T SolariX Fourier Transform Mass Spectrometer (FTICR-MS;
BrukerDaltonics) equipped with an MALDI ion source was used for
MSI. The spectrometer used a SmartBeam™ Il laser with a spot size
of 80 pm diameter. All spectra were acquired in positive ion mode,
integrating 200 laser shots per image pixel. The laser power was
set to 25% with a frequency of 1,000 Hz. The mass scanning range
was set from m/z 300 to m/z 800, time of flight value was 0.7 s, and
ion cooling time was set to 0.01 s. The mass spectrometer was ex-
ternally calibrated prior to sample analysis, using arginine standard
mixture (Sigma-Aldrich). Images were processed using FlexImaging
4.0 software (BrukerDaltonics). Chemical identification of ions was
performed based on theoretical monoisotopic masses of each sur-
face lipid species and the mass tolerance was set to 2 ppm.

3 | RESULTS

3.1 | Developing flowers as an informative system
on the dynamics of extracellular cuticular lipid
deposition

The relatively rapid rate of tissue differentiation and development
that occurs during the emergence of Arabidopsis flowers provides a
convenient system to explore the dynamics of extracellular cuticular
lipid accumulation. In addition, by using the LVI-PTV injector capa-
bilities (Engewald et al., 1999; Wilson et al., 1997) to concentrate
dilute samples during the GC-injection process, we characterized
the extracellular cuticular lipid profiles extracted from individual
flowers, collected at different stages of flower development. These
attributes enabled the dynamic comparison of the cuticular lipid
accumulation during flower development of wild-type and cer2-5
mutant plants, and the effect of genetically complementing this mu-
tation by the transgenic expression of a wild-type CER2 allele.

The developmental stages of flowers were defined from their
morphological appearances, as follows (Figure 1): Stage A, are flow-
ers with closed buds; Stage B flowers are identified by the first emer-
gence of petals from the bud; at Stage C the emerging petals are
perpendicular to the flower axis; and at Stage D the flower recloses
and the developing silique begins to emerge. Time lapse videos of
two to four replicate flowers enabled the timing of these four stages,
relative to Stage A, which was assigned the zero time point. Thus,
flowers on wild-type plants reached Stage B at 2.10 + 0.05 hr, Stage
C occurred at 9.50 + 0.96 hr, and Stage D occurred at 33.5 + 2.6 hr.
Statistical analysis of these data shows that the B to C transition
is slowed by the cer2-5 mutation, but this delay is alleviated by the
transgenic expression of CER2 in this mutant (Figure 2; Table S1). In
parallel, we determined the biomass of these flowers as a quantita-
tive measure of flower growth (Figure 3; Table S2). Thus, although
the cer2-5 mutation affects the developmental timing of the flower,
it does not alter the biomass of the resulting flowers (Figure 3).

Analysis of the extracellular cuticular lipid load on these de-
veloping flowers reveals dynamic changes in the accumulation

of the alkyl metabolites. Similar to prior studies of the cuticular
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FIGURE 2 Timing of Arabidopsis flower development. Timing

of transitions from Stage A to Stages, B, C, and D of nontransgenic
and transgenic wild-type and cer2-5 mutant flowers expressing
either the CER2 gene or the maize GI2 or GI2-like genes. The data
are the average of 2-4 replicates + standard error, determined from
time-lapse videos. Statistical evaluation of the significance of the
differences among the genotypes was evaluated by Student's t-test
(see Table S1)

lipids of Arabidopsis leaves and stems (Hannoufa et al., 1993; Jenks
etal., 1995; Koornneef et al., 1989), these metabolites are fatty acids
and derivatives, such as primary alcohols, alkanes (linear and iso-
branched), ketones, and secondary alcohols (Data Sheet S1), with the
latter three metabolite classes being predominant. The accumulation
of these lipids increases asymptotically with development, through
an initial rapid rate of accumulation (i.e., the transition from Stages A
to B) that is as high as 26.3 nmol of lipid/hr/g of fresh weight, which
slows to a rate of 1.5-2.6 nmol of lipid/hr/g of fresh weight between
Stages C and D (Figures S1 and S2; Tables S3 and S4). The effect of
the cer2-5 mutation is to nearly eliminate the initial burst in cuticular
lipid accumulation and to reduce the later accumulation rate to near
zero (Figures S1 and S2; Tables S3 and S4). As would be expected,
the transgenic expression of CER2 in the cer2-5 mutant increases the
rate of floral cuticular lipid accumulation to that found with wild-
type flowers.

In the context of these genetic-based changes in the dynamics of

the total cuticular lipid loads on the flowers, the major components
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FIGURE 3 Change in biomass with flower development.

Fresh weight of flowers + standard deviation is plotted against
time taken for Arabidopsis flowers to reach different stages of
development. The fresh weight of 6-13 pooled flowers of the
indicated genotypes was weighed at each of the 4 stages of flower
development, defined in Figures 1 and 2. The data are the average
of 2-3 determinations + standard deviation. Statistical evaluation
of significance of the differences among the genotypes was
evaluated by Student's t-test (see Table S2)

are always hydrocarbons, which account for 70 to 80% of the quan-
tified cuticular lipids (Figures 4-6; Data Sheet S1). In the wild-type
state, over 70%-80% of the hydrocarbons are of 29-carbon chain
length, with lesser amounts of other linear chains (25, 27, or 31 carbon
atoms) or 2-methyl-branched chains (26, 28, 29, or 30 carbon atoms).
The other less abundant classes of cuticular lipids, in descending order
of abundance, are secondary alcohols, ketones, primary alcohols, and
fatty acids. The dynamic accumulation patterns of the majority of the
individual metabolites follow a similar asymptotic curve as the total
cuticular lipid accumulation pattern (Figures 4-6). Moreover, with the
exception of the VLCFAs, the most abundant chain length of each of
these alkyl derivatives match those of the hydrocarbons (i.e., either the
same number of carbon atoms or one carbon atom longer than the hy-
drocarbon), as would be predicted from the currently accepted model
of cuticular lipid biosynthesis pathway, that is, VLCFA elongation

coupled to either a reductive or decarbonylative branched pathway
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(Bianchi et al., 1985; Post-Beittenmiller, 1996). The one exception is the
chain-length distribution of the VLCFAs, which are dominated by 20 to
24 carbon chain length, whereas the other alkyl classes are dominated
by the longer chain lengths (28-30 carbon atoms).

Tables S3 and S4 tabulate the rates of accumulation for each
of the cuticular lipid metabolites between each of the four flower
developmental transitions. While the asymptotic rates of accumu-
lation are maintained for most individual components, in the cer2-5
mutation at the initial stages of development (Stage A-B transition)
these rates are approximately % the rate determined in the wild-type
plants. Two exceptions to this generalization are the net accumula-
tion rates of 26:0 and 28:0 fatty acids and primary alcohols of these
chain lengths. The initial rate of accumulation of these metabolites
is increased in the cer2-5 mutant by 2- to 5-fold as compared to the
wild type, and this increase is reversed by the transgenic expression
of CER2 (Figure 4; Table S4).

3.2 | Transgenic expression of the maize GI2 and
GI2-like in the cer2 mutant restores cuticular lipid
accumulation on developing flowers

Using the above data as a baseline, two independent transgenic ex-
periments were conducted to characterize the effect of expressing
either the maize GL2 or GL2-like proteins in a wild-type or cer2-5
mutant background. The expression of either GI2 or GI2 like in the
cer2-5 mutant does not affect the developmental timing of the
flowers, however, in the wild-type background both transgenes in-
duce a faster rate of flower development (Figure 2 and Table S1).
Additionally, the transgenic expression of GI2 in both of these ge-
netic backgrounds reduced the mass of the flowers (Figure 3, and
Table S2), whereas the GI2-like transgene did not impact the mass of
the resulting flowers (Figure 3, and Table S2).

The transgenic expression of either GI2 or GI2-like in the cer2-5
mutant affected an increase in the level of cuticular lipid accumula-
tion on developing flowers. The GI2 transgene appears to be more
effective in returning the accumulation of cuticular lipids to wild-
type levels (Figure S1), whereas the GI2-like transgene only partially
rescued this trait (Figure S2). This latter effect is particularly notice-
able in the accumulation pattern of the major components, the al-
kanes, ketones, and secondary alcohols (Figure 6). Thus, whereas the
transgenic expression of GI2 in the cer2-5 mutant restores the levels
of these lipids to wild-type levels, the transgenic expression of GI2-
like in this mutant leads to the accumulation of these lipids at only
50% of the levels found in the wild type (Figures 5 and 6).

3.3 | Nonuniform tissue and cellular-level spatial
distribution of epicuticular surface lipids on the
abaxial and adaxial surfaces of Arabidopsis flowers

The extraction-based data presented in Figures 4-6 and Figures S1

and S2, integrate the cuticular lipid compositional changes that occur
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FIGURE 5 Cuticularlipid accumulation on developing Arabidopsis flowers. Cuticular lipids were extracted from individual flowers of
genotypes: wild-type (Col-0), cer2-5 mutant, and either of these lines expressing maize GI2 transgene. The data represent average + standard

error of six replicates arranged in order of highest abundance

on a number of different flower tissues (e.g., petals, sepals, anthers,
and stigmatic tissues), each of which is on a different developmen-
tal schedule (Alvarez-buylla et al., 2010; Smyth, 1990). Therefore,
we applied in situ mass spectrometric imaging, specifically MALDI-
MSI technology (Dong et al., 2016; Lee et al., 2012; Kaspar et al.,
2011), to individually localize these metabolites at a high spatial

scale (~80 um), which enables the visualization of the accumulation

of these metabolites among the different tissues of the flower.
Given that Arabidopsis epidermal cells present surface areas that
are ~1,000 to 4,000 um? (Cookson et al., 2006; Kheibarshekan Asl
et al., 2011; Robinson et al., 2018), and the laser spot size used in
the MSI experiments has diameter of ~80 um (i.e., 5,000 pm2 area),
we estimate that these MSI data are visualizing the surface distribu-

tion of cuticular lipids at a resolution as small as 2-4 cells. Moreover,
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FIGURE 6 Cuticular lipid accumulation on developing Arabidopsis flowers. Cuticular lipids were extracted from individual flowers
of genotypes: wild-type (Col-0), cer2-5 mutant, and either of these lines expressing maize GI2-like transgene. The data represent
average + standard error of six replicates arranged in order of highest abundance

MALDI-MSI was used to investigate the cuticular surface lipid distri-
bution on both surfaces of the developing flowers (Figure 7a), which
enabled the comparison of the distribution of individual metabolites
on the adaxial (inner facing) and abaxial (outer facing) surfaces of
sepals and petals, and the surfaces of anthers and stigma (Figure 7b).

This imaging technology was used to determine the distribution

of individual cuticular lipid metabolites at all four developmental

stages of wild-type Arabidopsis flowers, and these images were
compared to flowers of the cer2-5 mutant, and to the cer2-5 mutant
that was transgenically expressing the GI2 gene. Figure 7b shows
representative data revealing the surface distribution of the most
abundant cuticular lipid (C29 alkane), which is evenly distributed
on both the adaxial and abaxial floral surfaces of wild-type flowers

during the later stages of development (Stages C and D). However,
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FIGURE 7 Spatial distribution of nonacosane on Arabidopsis flowers. (a) Visual images of the adaxial and abaxial surfaces of Arabidopsis
flowers positioned on a MALDI plate ready for mass spectrometric imaging. (b) The distribution of nonacosane (C29 alkane) on the adaxial
and abaxial floral surfaces at four stages of development (Stages A to D) of the indicated genotypes. MSI absolute intensity scale bar is color

coded: green is maximum signal and black is minimum signal

at the earlier stages of foliar development (Stages A and B), this cu-
ticular lipid is primarily detected on the abaxial surface and occurs at
reduced levels on the adaxial surface of the flower (Figure 7b). The
cer2-5 mutation significantly reduced the amount of the C29 alkane
on both the adaxial and abaxial floral surfaces, and the transgenic
expression of the maize GI2 in this mutant background reversed this
effect, so that the distribution of this lipid is similar to the distribu-
tion found on the wild-type flowers.

Because Stage C flowers display the clearest physical separation
of the different flower tissues, MSl analysis was used to evaluate the
distribution of a wider range of cuticle metabolites among flower
tissues in response to the transgenic expression of GI2 and GI2-like in
the cer2-5 mutant background (Figure 8). These imaging experiments
specifically focused on the spatial distribution of cuticle metabolites
that are metabolically derived from the 30:0 fatty acid, namely C30
aldehyde, and the C29 alkane, secondary alcohol, and ketone. These
images reveal that whereas these metabolites are evenly distributed
on the abaxial surfaces, they more discreetly localized to the petals,
and edges of the sepals of the adaxial surface of wild-type flowers.
The cer2-5 mutant flowers show uniform reduction in the levels of
C30 aldehyde, C29 alkane, and C29 ketone on both surfaces of the
flower sepals and petals, and the 30:0 fatty acid and the C29 sec-
ondary alcohol are at undetectable levels. The transgenic expres-
sion of GI2 or GI2-like in the cer2-5 mutant not only increased the
levels of these metabolites but also reiterated the distribution pat-
terns of these metabolites to that imaged on the wild-type flowers
(Figure 8a,b).

3.4 | MSI can be used to visualize the spatial
distribution of individual metabolic conversions of the
cuticular biosynthetic network

An additional application of MSI technology is the ability to infer the
spatial distribution of the underlying metabolic conversion processes
that support a metabolic network. The cuticular lipid metabolic net-
work consists of a series of fatty acyl-CoA elongase reactions that
can generate a homologous series of free fatty acids, aldehydes, pri-
mary alcohols, alkanes, secondary alcohols, and ketones. Although
evidence for all these interconversions have not been directly dem-
onstrated by in vitro enzyme-catalyzed reactions, one can consider
duos of these classes of metabolites as potential substrate-product
pairs. We illustrate this by the visualization of the colocalization of
substrate-product pairs of potential individual metabolic reactions
of the cuticular biosynthetic pathway. For example, consider the
distribution of pairs of fatty acids, 24:0, 26:0, 28:0, 30:0, and 32:0;
each sequential pair has a precursor-product relationship in the re-
actions of fatty acid elongation. Additionally, each fatty acid has a
potential precursor-product relationship with an aldehyde of the
same carbon chain length. Figures 9 and 10 and Figures S3 and S4
visualize the spatial distribution of these precursor-product rela-
tionships by false color coding of each substrate (green) and each
product (red) of these metabolic conversions. In the resulting fused
images, the yellow-colored zones indicate the spatial colocation of
these precursor-product pairs, indicative of the underlying tissue/

cell locations where this metabolic conversion may be occurring.
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FIGURE 8 Spatial distribution of cuticular lipids on the adaxial and abaxial surfaces of Arabidopsis flowers. Two independent
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FIGURE 9 Mass spectrometric imaging of the colocalization of substrate-product pairs of individual reactions of the cuticular lipid
biosynthesis pathway. Each image is a fusion of two false color-coded MSI images, green for the substrate, and red for the product of a single
metabolic reaction that contributes to cuticular lipid biosynthesis pathway. In these fused images, yellow represents the spatial zone where
these substrate-product pairs colocalize, indicating the location of the underlying tissue/cells where this metabolic interconversion could

be occurring. The distribution of 24:0 to 32:0 fatty acid and their alkyl derivatives on the adaxial (a) and abaxial (b) floral surfaces wild-type
Col-0 flowers
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FIGURE 10 Mass spectrometric imaging of the colocalization of substrate-product pairs of individual reactions of the cuticular lipid
biosynthesis pathway. Each image is a fusion of two false color-coded MSI images, green for the substrate, and red for the product of a single
metabolic reaction that contributes to cuticular lipid biosynthesis pathway. In these fused images, yellow represents the spatial zone where
these substrate-product pairs colocalize, indicating the location of the underlying tissue/cells where this metabolic interconversion could be
occurring. The distribution of 24:0 to 32:0 fatty acid and their alkyl derivatives on the abaxial floral surfaces are indicated for wild-type Col-
0 (a), cer2 mutant (b), and cer2 mutant transgenically expressing GI2 (c) or GI2-like (d)

Figure 9a shows that the fatty acid precursor-product pairs
of the fatty acid elongation reactions predominately colocalize on
the adaxial surface of wild-type flower petals. In contrast, there is
less such colocalization on the abaxial surface (Figure 9b). Similar
colocalization occurs on the adaxial surfaces of the stigmatic tis-
sue and petals (Figure 9a) for the four reactions that lead from
30:0 fatty acid to the C29 ketone (i.e., C, FA-C4, Ald, C44 Ald-C,q
Alk, Cyy Alk-C, 2CAlc, and Cyo 20A|C-C29 Ket). And such colocal-
ization is found on the abaxial surface of sepals for the last two
reactions of decarbonylative branch (i.e., C,o Alk-C,, 2°Alc and
Cyo 2°Alc-C29 Ket; Figure 9b). This contrasts with the substrate-
product pairs of the reductive branch of the pathway that gener-
ates the primary alcohols (i.e., C,g FA-Cyq 1%Alc and Cy FA-Cy
1%Alc pairs), these colocalize on the abaxial surface of sepals and

stigmatic surfaces (Figure 9).

The cer2-5 mutation does not affect these colocalization pat-
terns, with the exception of products that are generated from 28:0
and 30:0 fatty acids. Thus, consistent with the proposed role of
CER2 in affecting the 28:0 to 30:0 fatty acid elongation process
1993; Jenks et al., 1995), the 28:0-30:0 fatty

acid substrate-product pairs do not colocalize in the cer2-5 mu-

(Hannoufa et al.,

tant (Figure 10b, Figure S3a). As a result, there are altered spatial
accumulation patterns of the C28 alkyl derivatives within both the
decarbonylative and reductive branches of the cuticular lipid path-
way. Specifically, in the cer2-5 mutant, the substrate-product pairs
from C28 aldehyde to C27 ketone primarily colocalize in the sepals,
and the C26 aldehyde-C26 primary alcohol and C28 aldehyde-C28
primary alcohol substrate-product pairs primarily colocalize in the
sepals and stigmatic tissue surface. These differential colocalizations

in the cer2-5 mutant may indicate that both the decarbonylative and
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reductive branches of the cuticular lipid pathway occur in sepal tis-
sues, but the reductive branch of the pathway appears to predom-
inate in the stigmatic tissues. The transgenic expression of GI2-like
in the cer2-5 mutant background restores the colocalization pattern
of the 28:0 and 30:0 fatty acid elongation substrate-product pairs
and the decarbonylative and reductive pathway substrate-product
pairs to the pattern observed in the wild-type flowers (Figure 10d,
Figure S3b). Such a restoration of the substrate-product patterns is
also obtained when the GI2 is transgenically expressed in the cer2
mutant (Figure 10c).

These substrate-product colocalization patterns were also
identified and compared at different stages of flower development
(Figures S4 and S5). These data are presented only for the abaxial
surfaces of the flowers because the signal-to-noise ratios obtained
from these surfaces were sufficiently high to enable the formula-
tion of robust conclusions (Figure S4), whereas this was not the case
for the data gathered from the adaxial surface (Figure S5). During
the development of wild-type flowers, the area of colocalization
of the fatty acid elongation substrate-product pairs (24:0-28:0)
that occurs in the petals decrease as the flowers proceed to Stage
D, whereas the colocalization of the 26:0 to 30:0 fatty acid elon-
gation substrate-product pairs becomes concentrated to the sepals
(Figure S4). The cer2-5 mutation disrupts these colocalization pat-
terns, so that throughout flower development only the 24:0-26:0
fatty acid pair colocalize in petals, whereas, the 26:0-28:0 fatty acid
pair colocalize to the sepals (Figure S4). The transgenic expression of
GI2 in the cer2-5 mutant did not affect these altered colocalization
patterns of the 24:0-26:0 fatty acid substrate-product pairs, and no
colocalization patterns were observed for the 26:0-28:0 fatty acid
pair (Stages C and D; Figure S4).

In wild-type flowers, the spatial pattern of the 28:0-30:0
fatty acid elongation substrate-product pairs is distinct from the
substrate-product pairs of the decarbonylative and reductive
branches of the pathway that initiate from these two fatty acids.
Namely the C28 and C30 aldehydes and alcohols, and the C27- and
C29-derived alkanes, ketones, and secondary alcohols colocalize to
the abaxial surfaces of sepals, and this pattern is most apparent at
the early stages of flower development (Stages A and B; Figure S4).
However, later in flower development, these patterns become less
colocalized (Stages C and D; Figure S4). In contrast, in the cer2-5
flowers, these colocalization patterns are altered, particularly for
the substrate-product pairs that lead from C25 and C27 alkanes
to the analogous ketones, and the substrate-product pairs C26 al-
dehyde-C26 primary alcohol. Specifically, the sepal colocalization
patterns for C25 alkane to C25 ketone pairs are maintained only
during the early stages of flower development (Stages A and B;
Figure S4), whereas the C27 alkane to C27 ketone pairs, and C26
aldehyde-primary alcohol pair are maintained throughout devel-
opment (Figure S4). These highlighted cer2-dependent alterations
in the colocalization of substrate-product pairs are consistent
with the proposed role of CER2 in affecting the 28:0 to 30:0 fatty
acid conversion resulting in the higher accumulation of precursor
fatty acid products, namely 26:0 and 28:0 (Hannoufa et al., 1993;
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Haslam et al., 2012; Jenks et al., 1995). The transgenic expression
of GI2 in the cer2-5 mutant background restored colocalization of
the substrate-product-pairs patterns for the C30 alkyl decarbonyla-
tive and reductive pathway on sepals, at least at the early stages of
flower development (Stages A and B; Figure S4), but not at the later
stages of development (Stages C and D; Figure S4). Therefore, the
ability of the GI2 transgene to restore the spatial patterns of the C28
and C30 alkyl chain substrate-product pairs to near wild-type pat-
terns, which were disrupted by the cer2 mutation, further supports
recent studies that indicated the functional homology between GI2
and CER2 (Alexander et al., 2020).

4 | DISCUSSION

Elucidating the biochemical mechanisms that regulate the assembly
of the plant cuticle is complicated by the multicellular nature of these
organisms. This complexity is particularly associated with the fact
that the cuticular lipid biosynthetic pathway is restricted to the epi-
dermal cells of aerial plant organs, and the products of this pathway
are unidirectionally transported from these cells to the outer sur-
face of plant organs (Jetter et al., 2000; Yeats & Rose, 2008, 2013).
Experimental data from molecular genetic characterizations of gl
and cer mutants that affect normal deposition of cuticular lipids are
often interpreted relative to a core cuticular lipid biosynthesis path-
way, which appear to be common to both maize and Arabidopsis, if
not all plants (Bianchi, 1978; Bianchi et al., 1985; Kolattukudy, 1970;
Kunst & Samuels, 2009; Lee & Suh, 2013; Post-Beittenmiller, 1996).
This pathway integrates fatty acid elongation with either a reductive
branch or a decarbonylative branch to generate a diverse set of alkyl
lipid products. In this study, we coupled genetic complementation
with unique analytical strategies to measure and visualize distinct
spatial and temporal patterns of cuticular lipid accumulation within

floral tissues during flower development.

4.1 | Dynamics of the distribution of cuticular
surface lipids

The majority of past biochemical and molecular studies of the ac-
cumulation of cuticular lipids have primarily been limited to a single
time point of analysis, overlooking the dynamics of the processes
that integrate the developmental program of the tissue/organs that
are being evaluated. Furthermore, most such data are collected from
the analysis of cuticular lipid extracts prepared from relatively large
biological samples that combine lipids generated by a heterogeneous
collection of cells and tissues that are most probably of different age
and different developmental states. In this study of developing flow-
ers, the application of new, more assiduous analytical technologies
provided the platform to address both of these potential limitations
to decipher the physiology of cuticular lipid accumulation patterns.
Specifically, we investigated the effect of the cer2 mutation and

the transgenic expression of maize GI2 and GI2-like transgenes on
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cuticular lipids of Arabidopsis flowers, monitoring the accumulation
pattern of these lipids during the course of floral development. Initial
characterization of cer2 mutant has been interpreted to indicate that
this gene product affects the elongation of fatty acids between 26:0
or 28:0 and 30:0 (Hannoufa et al., 1993; Jenks et al., 1995), a hy-
pothesis that has been further elucidated by partial reconstitution
experiments of the fatty acid elongation process in yeast (Haslam
etal., 2012, 2015).

In this study, we gathered data with cuticular lipid extracts pre-
pared from individual flowers at four different stages of develop-
ment. In parallel, we also applied MALDI-MSI to image the spatial
distribution of extracellular cuticular lipid metabolites on either the
abaxial or adaxial surfaces of the developing flowers at a sufficiently
high spatial resolution to distinguish between four different floral
organs (petals, sepals, anthers, and stigmatic surfaces) and deter-
mined the effect of each genetic manipulation on the extracellular
cuticular lipid profiles.

These studies of the dynamics of flower development demon-
strate that a block in a metabolic process that specifically occurs in
the epidermal cells of the flower tissues (i.e., extracellular cuticular
lipid deposition caused by the cer2 mutation) does not affect the
developmental timing of the integrated organ, but it does affect the
biomass of the flower, particularly when the cer2 mutation is com-
plemented by the two maize homologs. The expression of the maize
homologs of CER2, GI2-like or GI2 transgenes in the cer2-5 mutant
reversed the effect of blocking the accumulation of cuticular lip-
ids on flowers, but these transgenes have differential effects on
the growth of the floral organs, where expression of GI2 reduced
the flower biomass, whereas expression of GI2-like does not alter the
flower biomass. These findings indicate, therefore, that the flower
biomass trait can be affected by the deposition of the cuticle, pos-
sibly associated with the ability of the organ to retain water that is
lost via transpiration through a “leaky” cuticle (Goodwin and Jenks,
2005).

During flower development, the majority of the individual cu-
ticular lipid components accumulate at near parallel, asymptotic
patterns as the flower developed. The maximum observed rate of
cuticular lipid accumulation occurs during the earlier stages of flower
development, and this is at a rate of ~26 nmol hr'! g™* fresh weight.
This rate defines the minimal rate of de novo fatty acid biosynthesis
that is required to feed the FAE system with stearoyl-CoA precursor.
Furthermore, because the final products of the cuticular lipid biosyn-
thetic pathway are components that are predominantly derivatives
of 30-carbon fatty acids, six elongation cycles of the FAE system are
required to elongate the 18:0 fatty acyl-CoA precursor to these final
products. Because each elongation cycle requires one molecule of
malonyl-CoA generated from the cytosolic acetyl-CoA pool, and two
molecules of NADPH, one can infer the minimal rates of acetyl-CoA
(156 nmol hr'? g7 fresh weight) and NADPH (312 nmol hr't g™ fresh
weight) generation in the cytosol that is required to support the ob-
served rate of cuticle lipid deposition. Prior characterizations of ATP-
citrate lyase (Fatland et al., 2002, 2005) and the cytosolic homomeric
acetyl-CoA carboxylase (Baud et al., 2003; Konishi & Sasaki, 1994;

Yanai et al., 1995), which sequentially generate the cytosolic acetyl-
CoA and malonyl-CoA pools, appear to indicate that there is suf-
ficient activity of these enzymes in Arabidopsis tissue to provide
this rate of acetyl-CoA and malonyl-CoA generation. Similarly, there
appears to be sufficient activities of NADPH-generating enzymes
(NADP+-dependent malic enzyme, glucose-6-phosphate dehydro-
genase, and 6-phosphogluconate dehydrogenase) to support these
needs of the FAE system (Wakao et al., 2008; Wakao & Benning,
2005; Wheeler et al., 2005; Yin and Ashihara, 2008).

These rates can be compared to experimentally determined
rates of de novo fatty acid biosynthesis of ~0.3-0.6 umol hr't mg™?
of chlorophyll by isolated chloroplasts (Gardiner et al., 1984) or in-
tact leaves (Browse et al., 1981; Murphy & Leech, 1981). Although
it is difficult to make a direct comparison between our determined
rates and these earlier determined rates, assuming that the chloro-
phyll concentration of leaf tissue is ~1.2 mg/g fresh weight (e.g., Jin
et al., 2011), one can deduce that only a small portion of tissue fatty
acid biosynthetic capability is destined to support cuticle deposi-
tion. Moreover, a more recent study found that the rate of cuticle
deposition by isolated stem epidermal tissue was ~1 pg/hr/cm2 stem
area (Suh et al., 2005). Making the assumptions that these cuticu-
lar lipids are predominantly of 30-carbon fatty acid derivatives (i.e.,
molecular weight ~450 Da), and that Arabidopsis stems have a di-
ameter of ~2 mm and a tissue density of 1 g/cm3, one can calcu-
late that this reported rate is equivalent to ~40 nmol hr't g™ fresh
weight, which compares with our experimentally determined rate of
~26 nmol hr't g™ fresh weight of flower tissue.

The effect of the cer2-5 mutation is to reduce the rate of cutic-
ular lipid accumulation at the early stages of flower development by
about 55% (to ~12 nmol hr™* g’1 fresh weight), and this rate plateaus
to near zero later in flower development. As expected, the transgenic
expression of CER2 in the cer2-5 mutant background reverses the
initial rate of cuticular lipid accumulation to that of wild-type state,
enabling the normal levels of cuticular lipid accumulation. Similarly,
the transgenic expression of GI2 (but not GI2-like) also reverses the
effect of the cer2 mutation, increasing the rate of cuticular lipid ac-
cumulation to that of wild-type levels. In contrast, GI2-like transgene
increases the rate of cuticular lipid accumulation, but does not fully
restore this rate to the wild-type level.

In all these genetically complemented lines, the near asymp-
totic pattern of cuticular lipid accumulation is shared by nearly all
individual cuticular lipid components, and the rates of accumulation
are higher than in the cer2-5 mutant. The exception to this general-
ization is the accumulation pattern displayed by the primary alco-
hols and fatty acids, particularly of 26- and 28-carbon chain length,
which increase in accumulation in the cer2-5 mutant as compared to
the wild-type flowers. The transgenic expression of GI2 or GI2-like
in the cer2-5 mutant reverses these alterations in the accumulation
of C26 and C28 primary alcohols and fatty acids (i.e., reduces accu-
mulation) to the wild-type state. In combination, these genetic com-
plementation experiments reinforce the conclusion that two maize
genes have overlapping functionalities that are homologous to the
CER2 gene function (Alexander et al., 2020). Furthermore, these
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data may suggest the existence of two parallel fatty acid elongation
processes, one feeding the decarbonylative branch of the pathway
and the other feeding the reductive branch. Thus, the CER2 gene
may affect the fatty acid elongation processes that feed the decar-
bonylative branch, and when this is blocked by the cer2 mutation,
fatty acyl-CoA intermediates are diverted to the fatty acid elonga-
tion processes that feed the reductive branch, leading to increased
primary alcohols.

4.2 | High spatial resolution dynamics of cuticular
surface lipids

The larger accumulation of cuticular lipids on the abaxial side of
the flower, primarily localized to the sepals, is consistent with the
function of the cuticle as a water barrier (Aarts et al., 1995; Jung
et al., 2006; Millar et al., 1999). Namely, because the sepals enclose
the flower bud, their abaxial surfaces are outward facing, and thus
the larger cuticular lipid load would provide more extensive protec-
tion from the desiccating environment.

Flowers transgenically expressing the GI2 or GI2-like transgenes
proved useful in visualizing the spatial distribution of the cuticular
lipid biosynthetic reactions. This was accomplished by the colocaliz-
ing spectral images of substrate-product pairs of specific reactions
of different segments of the cuticular lipid pathway. Thus, MSI anal-
ysis of flowers transgenically expressing the maize GI2 or GI2-like
genes demonstrates that the core processes of fatty acid elonga-
tion occur predominantly in the petals of flowers. Subsequently, the
products of the FAE system are processed through the decarbonyla-
tive or reductive branch of the pathway. The colocalization spectral
images of substrate-product pairs indicate that the decarbonylative
branch is primarily expressed in the stigmatic tissue and sepals, and
the reductive branch of the pathway is primarily expressed in the
stigmatic tissue.

Therefore, the data presented in this study revealed previously
unknown attributes concerning the spatial and temporal changes in
cuticular lipid accumulation patterns, as affected by different gen-
otypes and by flower development. These were revealed by the
application of novel analytic technologies that directly assessed
the accumulation of the metabolic intermediates and products of
this complex pathway. Previously, these were inferred by assessing
cell-specific expression of genes and proteins associated with this
pathway (Greer et al., 2007; Kim et al., 2019; Xia et al., 1996), using
indirect measurements of gene expression (e.g., fluorescent markers
or in situ hybridization). Although these analyses provide valuable in-
sights on the gene expression program(s) that regulate cuticular lipid
deposition, it is difficult to dissect how these networks are regulated
if one does not also have insights on the spatial and temporal pat-
terns of the metabolic intermediates and products of the pathway.
Moreover, because this pathway is expressed by a single cell layer, it
is also important to evaluate the heterogeneous spatial distribution

of the products of the pathway across plant surfaces. In this study
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this heterogeneity was revealed relative to the different flower or-
gans (i.e., sepals, petal, stigma, and styles) and in relation to the ab-
axial and adaxial surfaces of these organs. Therefore, the metabolite
imaging technique, coupled with specialized gas chromatography
inlet that was used herein, has proven to be a powerful combina-
tion for detecting the differential distribution and developmental
changes in cuticular lipid deposition, providing new insights on the
temporo-spatial granularity of the pathway. The application of these
new analytical technologies has provided new insights into the cu-
ticular lipid biosynthesis pathway. These include: (a) a quantitative
measure of the minimum flux through the pathway; (b) the finding
that the reductive and decarbonylative branches of the pathway are
spatially sequestered into separate flower organs; (c) the functional
homology between the Arabidopsis CER2 gene and the maize GI2
and GI2-like genes; and (d) that the cer2 mutation differentially af-
fects the reductive and decarbonylative branches of the pathway
on the pistil (i.e., stigma and style) and the perianth (i.e., petal and
sepal) organs of the flower, respectively. Hence, these new insights
reveal complexities in the spatiotemporal accumulation patterns of
the products of this pathway that will need more detailed biochem-
ical and molecular dissection in order to mechanistically understand

how the cuticular lipid biosynthesis pathway is regulated.
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