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Abstract 

The products of secondary xylem are of significant biological and commercial importance, 
and as a result, the biology of secondary growth and how intrinsic and extrinsic factors 
influence this process have been the subject of intense investigation. Studies into secondary 
xylem range in scale from the cellular to the forest stand level, with phenotypic analyses 
often involving the assessment of traits relating to cell morphology and cell wall chemical 
composition. While numerous techniques are currently available for phenotypic analyses of 
samples containing abundant amounts of secondary tissue, only a few of them 
(microanalytical techniques) are suitable when working with limiting amounts of secondary 
tissue or where a fine-scale resolution of morphological features or cell wall chemical 
composition is required. While polarised light microscopy, scanning electron microscopy, 
field emission-scanning electron microscopy and X-ray scattering and micro-tomography 
techniques serve as the most frequently used microanalytical techniques in morphotyping, 
techniques such as scanning ultraviolet microspectrophotometry, X-ray photoelectron 
spectroscopy, gas chromatography, Fourier-transform infrared spectroscopy and matrix-
assisted laser desorption ionisation mass spectrometry serve as the most commonly used 
microanalytical techniques in chemotyping. Light microscopy, fluorescence microscopy, 
confocal laser scanning microscopy, transmission electron microscopy and Raman 
spectroscopy serve as dual micro morphotyping and chemotyping techniques. In this review, 
we summarise and discuss these techniques in the light of their applicability as 
microanalytical techniques to study secondary xylem. 
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INTRODUCTION 
 
The secondary tissues wood and bark play significant roles in plant development. Secondary 
phloem is responsible for translocation of photosynthates and it shields and protects the plant 
from extreme temperatures, pests and pathogens. Secondary xylem is responsible for the 
transport of water and minerals from roots to crown, providing both rigidity and flexibility to 
allow trees to grow while adjusting to different environmental stimuli (such as gravity, wind 
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and light) and acting as one of the major carbon sinks on earth (Dejardin et al. 2010). As a 
renewable material, secondary xylem has numerous commercial applications including 
energy production (firewood and second generation biofuels), construction (timber and 
plywood for buildings and furniture) and pulp and paper production (Andersson-Gunneras et 
al. 2006; Dejardin et al. 2010; Ye and Zhong 2015). Because of its biological and economic 
significance, secondary growth has been extensively studied both in annuals such 
as Arabidopsis and in woody tree species (Chaffey et al. 2002; Groover and Robischon 2006; 
Zhong et al. 2010; Zhong and Ye 2013, 2014, 2015; Zhang et al. 2018). 
 
Much research has been directed at understanding how cell/tissue structure, morphology and 
chemical composition changes in response to extrinsic (biotic and abiotic stresses) and intrin-
sic (genetic and epigenetic) factors. Also, in recent years, a substantial amount of research 
has focussed on lignocellulosic biomass due to the increasing interest in the use of ligno-
cellulose in biofuel production. Examples include large scale population level experiments as 
well as fine scale experiments such as tissue or cellular level mapping and analysis of 
changes in cell morphology, cell wall chemical composition and/or micromechanical 
properties. Such efforts reveal how secondary xylem differentiation responds to seasonal, 
environmental and genetic variation, with respect to its physiology, molecular responses or 
plant growth regulator concentrations (Tuominen et al. 1997; Gierlinger et al. 2010; Taguchi 
et al. 2010; Gerber et al. 2016; Spokevicius et al. 2016; Wood et al. 2017; Felten et al. 2018; 
Kong et al. 2018). One common challenge faced by such studies is the selection of suitable 
methods to determine phenotypic changes specific to secondary xylem. 
 
Selection of a suitable phenotyping method depends on the objective of the study, the nature 
of the sample (fresh or dried/preserved tissue), cost, number of samples and on the amount of 
tissue that is available for phenotyping. Of course, at the organismal level, individual trees 
can produce large amounts of tissue (gram or kilogram quantities), whereas, in the case of 
fine scale (micrometre) mapping across secondary xylem, the use of small tissue sectors 
derived from methods such as Induced Somatic Sector Analysis (ISSA) or when young plants 
are sampled, only microgram amounts of tissue are available for phenotyping (Gerber et al. 
2016; Spokevicius et al. 2016). Compared to phenotyping unlimited amounts of tissue, only a 
few methods have proven suitable when analysing tissue samples in limited or small amounts 
or in cases where studying sample heterogeneity is important. In these instances, micro-
analytical characterisation becomes the only option. 
 
Microanalytical techniques provide insights into morphological and chemical properties of 
secondary xylem where samples are limited to microgram quantities or less and can be 
broadly categorised into (i) methods for phenotyping morphological features (morphotyping) 
and (ii) methods for phenotyping chemical properties (chemotyping). Morphotyping can 
reveal anatomical features of wood cells such as cellular diameter, perimeter, cell size, cell 
length, cell shape, cell wall thicknesses, cell wall area and microfibril angle, and ultra-
structural details such as different secondary cell wall layers and their distinct features. In 
contrast, chemotyping can provide details on chemical composition and the abundance and 
distribution of cell wall biopolymers (cellulose, lignin and hemicelluloses) and wood 
extractives (phenolics, tannins, terpenes, flavonoids and lignans). However, some specific 
techniques can be used both for morphotyping and chemotyping. Accordingly, this review 
describes some of the most widely used microanalytical techniques based on their ability to 
use small (μg or less) amounts of tissue for morphotyping, chemotyping or both (Fig. 1). We 
begin this review by highlighting some key aspects of sample preparation related to micro-
analytical techniques discussed below. We provide examples of how these microanalytical 
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Figure 1. A summary of the key microanalytical techniques discussed in this review. Pink demonstrates microanalytical techniques for morphotyping, blue demonstrates 
microanalytical techniques for chemotyping, and pink/blue denotes dual micro morpho and chemotyping techniques. The pink and blue shading is consistent with that in Fig. 
4. 
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techniques have been successfully used to phenotype woody tissue and present a comparative 
assessment of key microanalytical techniques together with a guide for the selection of 
techniques for specific applications. 
 
Sample preparation 
Sectioning, embedding and fixing 
In this section, we outline some of the most used sample preparation methods and provide a 
summary relating them to the microanalytical techniques described in later sections (Table 4  
and 5). Appropriate sample preparation is crucial to ensure that the quality and quantity of the 
sample suit the intended phenotyping method (Verhertbruggen et al. 2017). Depending on the 
intended phenotyping method, sample preparation could involve either a single step such as 
sectioning, grinding and milling or a sequence of steps such as fixing, embedding and 
sectioning. In preparation for certain applications like electron microscopy, the sectioned 
sample is subjected to additional steps such as dehydration, drying and sputter coating (with 
metals such as chromium, gold and/or platinum). Tissue maceration is another sample 
preparation method in which the cells/fibres are separated from one another by dissolving the 
middle lamella using chemicals such as glacial acetic acid, hydrogen peroxide, or nitric acid 
to name a few (Mahesh et al. 2015). Furthermore, for chemotyping purposes, samples can be 
ground to a powder (using a ball mill or similar) and/or chemically degraded/hydrolysed to 
separate soluble and insoluble fractions. For example, the chromatographic techniques such 
as gas chromatography (GC), require a sequence of labour-intensive sample preparation 
steps, generally starting from extraction followed by processing via hydrolysis, reduction and 
derivatisation (chemical reactions which can enhance the volatility of the sample 
components) (Angeles et al. 2006; MacMillan et al. 2015). 
 
Tissue sections can be preserved by ‘fixation’ which terminates all cellular processes and 
immobilises cellular components to ensure that tissue sections remain close to their native 
state with all cells intact. Depending on the type of plant tissue and intended type of pheno-
typing, the requirement of a fixation step and appropriate type of fixation can vary. Fixation 
is only required in cases where intact cells/tissues are needed to analyse fine cellular features 
at the subcellular/organellar level. Fixation can be achieved either by chemical or physical 
means (i.e. dehydration), with the former using chemicals such as acetone, acetic acid, 
ethanol, methanol, glutaraldehyde, formaldehyde, glacial acetic acid or osmium tetroxide and 
the latter employing cryopreservation or microwaves (Bao et al. 2012; Begum et al. 2012; 
Yeung et al. 2015). With either method, consideration must be given to the potential intro-
duction of fixation artefacts (cell shrinkage, cell swelling) which might influence the final 
outcome (Begum et al. 2012). One method of avoiding fixation artefacts is adjusting the 
osmolarity of fixation reagents to match that of the tissue (Loqman et al. 2010). 
 
Tissue samples are often embedded to prevent distortion during subsequent sectioning steps. 
Use of a suitable embedding medium ensures that samples are sufficiently stabilised to 
withstand physical forces applied when sectioning using microtome-based methods or with 
laser microdissections. Commonly used embedding media include agarose, paraffin, LRwhite 
resin, polystyrene, polyethylene glycol, Spurr’s resin and epoxy resin (Sato et al. 2001; 
Angeles et al. 2006; Wu et al. 2009; Bao et al. 2012; Begum et al. 2012; Yang et al. 2017). 
However, it must be noted that some embedding agents may not be suitable in all instances 
since they may interfere with a specific microanalytical technique where the embedding agent 
might become a contaminant (Foston et al. 2011). In such cases where embedding is not 
desirable, either a removable embedding medium (post sectioning) can be used or a 
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sectioning method that does not require embedding can be adopted, e.g. cryotome sectioning, 
which involves freezing tissue to increase its rigidity for sectioning (Foston et al. 2011). 
 
Sectioning can be preceded by fixation, embedding, or a combination of both depending on 
the intended phenotyping method and required phenotypic data. Obtaining high quality 
sections with appropriate thicknesses is crucial for phenotyping since the quality of the 
section will have a considerable impact on the result. Sectioning can be performed by hand, 
by microtome (sliding microtome, rotary microtome, ultramicrotome, vibratome or cryotome) 
or by using laser microdissection, where methods like preparative laser capture micro-
dissection have the potential to isolate microgram amounts of tissue potentially consisting of 
only a few cells (Angeles et al. 2006; Wu et al. 2009; Foston et al. 2011; Gerber et al. 2014; 
Lima et al. 2014; Yang et al. 2017). However, an alternative approach has been suggested by 
Dickson et al. 2017, which involves embedding the sample in resin and polishing it with a 
few different grinding papers. This approach precludes the need for sectioning and has 
proven to generate smooth surfaces which enable observation of subtle structures such as the 
cambium. The sectioned samples can then either be directly phenotyped or subjected to a 
preliminary staining step. 
 
Staining 
Staining allows rapid visual assessment of the integrity of tissues, cellular features and 
specific cell wall depositions. It has both morphotyping and chemotyping applications as 
stains can be used for visualisation of different chemical components in cell walls (e.g. 
polysaccharides, differences in lignin composition, differential staining of polysaccharides 
and lignin) and thereby allow for assessment of certain morphological features including cell 
wall thickness and cell size. (Wood 1980; Verbelen and Kerstens 2000; Lafarguette et al. 
2004; Patten et al. 2005; Qiu et al. 2008; Anderson et al. 2010; Dogu and Grabner 2010; 
Mitra and Loque 2014; Kidner et al. 2016; Eckert et al. 2019; Smetana et al. 2019; Wessels 
et al. 2019; Yuan et al. 2019; Zhong et al. 2019). Commonly used stains include histological 
stains, fluorescent stains, immunological stains and metal-based stains where the choice of 
stain/staining depends on the features of interest and phenotyping method. Since some of 
these stains have toxic effects; special care must be taken when handling them. 
 
Histological stains are the most used type of stains, and some of them are employed in light 
microscopy (LM) (Table 1). These histological stains can be used either for single or double 
staining (use of two stains to differentially stain two different types of cell wall polymers in 
contrasting colours) depending on cellular features of interest. 
 
Fluorescent stains are another type of stain which are employed in fluorescence and confocal 
microscopy (Siebers 1960; Wood 1980; Stone et al. 1984; Brundrett et al. 1988, 1991; Kraus 
et al. 1998; Kitin et al. 2000; Moller et al. 2006; Bond et al. 2008; Anderson et al. 2010; 
Thomas et al. 2013; Pendle and Benitez-Alfonso 2015; Yeung et al. 2015; Sotiriou et al. 
2016; Thomas et al. 2017; Morris et al. 2018; Schenk et al. 2018; Ursache et al. 2018; Wang 
et al. 2019). The fluorescence emitted from these stains can be easily distinguished from the 
scattering of the incident light, particularly if the incident light is monochromatic. Hence, if 
the sample itself possesses only a little or no fluorescence at a specific wavelength, then the 
entire intensity detected at that wavelength can be attributed to the fluorescent stain (Hubbe et 
al. 2019).  
 
The challenging task of developing methods to selectively target specific cell wall polymers 
in-muro, has been significantly addressed by carbohydrate binding modules and immune- 
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Table 1 Commonly used histological stains for visualising cell wall polymers 

Histological stain 

Chemical 

target 

Colour after 

staining 

References 

Safranin† Lignin Red 

Begum et al. 2012, Carrillo et al. 2008, Gerber 

et al. 2014, Qiu et al. 2008, Sato et al. 2001, 

Smetana et al. 2019, Zhong et al. 2019 

Phloroglucinol-HCl 

(Wiesner reagent) 

Lignin 

Characteristic 

pink 

Araujo et al. 2014, Bao et al. 2012, Eckert et al. 

2019, MacMillan et al. 2010, Wang et al. 2014, 

Yang et al. 2017 

Mäule stain 

Syringyl (S) 

lignin 

Red MacMillan et al. 2010, Patten et al. 2005 

Toluidine blue O 

(TBO) (Stevenel’s 

blue) 

Pectin, 

Lignin, Tannins 

Pinkish purple 

Greenish or 

bright blue 

Bao et al. 2012, Chai et al. 2015, Kidner et al. 

2016, MacMillan et al. 2010, Manabe et al. 

2013, Mitra and Loque 2014, Patten et al. 2005, 

Yang et al. 2017, Wu et al. 2009 

Congo red†* 

β-(1→4)-

glucans,  

Cellulose, 

Xyloglucan 

Red 

Mitra and Loque 2014, Verbelen and Kerstens 

2000, Anderson et al. 2010, Wood 1980 

Methylene blue Cellulose Blue 

Al-Haddad et al. 2013, Chaffey et al. 2002, 

Kidner et al. 2016, Lafarguette et al. 2004, Qiu 

et al. 2008 

Fast green Cellulose Green Yuan et al. 2019, Zhong et al. 2019 

Alcian blue 

Insoluble 

carbohydrates, 

Non-lignified 

tissue 

Blue 

Smetana et al. 2019, Wessels et al. 2019, Al-

Haddad et al. 2013, Chaffey et al. 2002, Kidner 

et al. 2016, Lafarguette et al. 2004, Qiu et al. 

2008 

Astra blue 

Non-lignified 

polysaccharides 

Blue 

Carrillo et al. 2008, Groover 2016, Dogu and 

Grabner 2010 
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† Safranin and Congo red also has some fluorescent properties. * Congo red is considered as a weak stain for 

cellulose. 
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Table 2 Commonly used fluorescent stains for visualising cell wall polymers 

† Safranin and Congo red also function as histological stains. 

 

 

 

 

 

 

 

Chemical target Fluorescent stain References 

Callose Aniline blue 

Stone et al. 1984, Brundrett et al. 1988, Pendle and 

Benitez-Alfonso 2015, Sotiriou et al. 2016 

Cellulose 

Calcofluor white 

(fluorescent brightener) 

Wood 1980, Anderson et al. 2010, Thomas et al. 2012 

Cellulose Pontamine fast scarlet 4B Thomas et al. 2012, 2017 

Cellulose, Xyloglucan  Congo red† Wood 1980, Anderson et al. 2010, Thomas et al. 2012 

Lignin Safranin† Kitin et al. 2000, Bond et al. 2008 

Lignin, Callus Basic fuchsin 

Kraus et al. 1998, Moller et al. 2006, Ursache et al. 

2018 

Lignin, Suberin  Berberine Brundrett et al. 1988, Yeung et al. 2015  

Pectin Coriphosphine Siebers 1960, Morris et al. 2018, Schenk et al. 2018 

Suberin Fluorol yellow Brundrett et al. 1991, Wang et al. 2019 
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Table 3 Commonly used antibodies and carbohydrate binding modules in cell wall polymer detection  

Specificity to epitopes in cell 

wall polymers 

Antibody / Carbohydrate 

binding module 

References 

Callose ((1-3)-β-glucan) 

(1-3)-β-oligoglucos 

-ides antibody,  

anti-1,3-β-glucan 

Meikle et al. 1991, Altaner et al. 2010, 

Pendle and Benitez-Alfonso 2015 

Cellulose (anti-amorphous)  CBM28 

Blake et al. 2006, Ruel et al. 2012, Liu et 

al. 2013 

Cellulose (crystalline) CBM3a 

Blake et al. 2006, Ruel et al. 2012, Liu et 

al. 2013, Qi et al. 2013, Yang et al. 2013 

Cytoplasmic portion JIM13 Yang et al. 2013 

β-1,3-1,4-glucan  MLG Liu et al. 2013 

Galactan ((1-4)-β-galactan) LM5 

Willats et al. 2000, Arend 2008, Kim and 

Daniel 2017, Verhertbruggen et al. 2017 

Mannan 

Heteromannan 

LM21 

BGM C6, LM22 

Kim and Daniel 2017, Verhertbruggen et 

al. 2017 

Xylan (4-O-

methylglucuronoxylan), 

Heteroxylan (low substituted (1-

4)-β-D-xylan) 

LM10, LM11 

Liu et al. 2013, Yang et al. 2013, Kim and 

Daniel 2017, Verhertbruggen et al. 2017 

Xyloglucan LM15 Kim and Daniel 2017 

Arabinan in pectin  

((1-5)-α arabinan) 

 

 

LM6, LM13, LM16 

Willats et al. 1998, Arend 2008, Snegireva 

et al. 2010, Kim and Daniel 2017, 

Verhertbruggen et al. 2017 

De-esterified homogalacturonan PAM1, CCRC-M38 

Willats et al. 2000, Pattathil et al. 2010, 

Gritsch et al. 2015  

Homogalacturonan in pectin  

- high degree methylation  

- low degree methylation  

- partial methylation  

 

JIM7, LM20 

JIM5, LM19 

LM18 

Clausen et al. 2003, Obro et al. 2007, 

Arend 2008, Snegireva et al. 2010, Liu et 

al. 2013, Yang et al. 2013, Verhertbruggen 

et al. 2017, Potocka et al. 2018 
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Arabinogalactan protein JIM8, JIM13 

Knox 1997, Zhang et al. 2003, Liebsch et 

al. 2014, Potocka et al. 2018 

Arabinogalactan protein (tend to 

label cell walls or extracellular 

spaces) 

Anti-AGPB  Zhang et al. 2003 
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staining. Immunostaining techniques use antibodies for detection of specific cell wall 
polymers and even specific decorations on polysaccharide backbones (Meikle et al. 1991; 
Knox 1997; Willats et al. 1998; Clausen et al. 2003; Zhang et al. 2003; Obro et al. 2007; 
Arend 2008; Altaner et al. 2010; Pattathil et al. 2010; Snegireva et al. 2010; Liu et al. 2013; 
Qi et al. 2013; Liebsch et al. 2014; Gritsch et al. 2015; Pendle and Benitez-Alfonso 2015; 
Kim and Daniel 2017; Potocka et al. 2018). Carbohydrate binding modules can detect 
polysaccharides and oligosaccharides such as cellulose and mannan. (Hilden et al. 2003; 
McCartney et al. 2004; Blake et al. 2006; Filonova et al. 2007). Some of the most commonly 
used antibodies and carbohydrate binding modules are listed in Table 3. The unique binding 
specificities of antibodies or carbohydrate binding modules towards cell wall polymers 
provide an excellent platform to determine the abundance and distribution of a polymer in 
cell walls. However, the signal reliability and interpretation can be influenced when certain 
antibodies fail to bind the targeted cell wall polymers either due to a structural alteration in 
the targeted cell wall polymer, due to masking of targeted cell wall polymer by other cell wall 
polymers or due to inaccessibility (Knox 2008; Sutherland et al. 2009). 
 
Transmission Electron Microscopy (TEM) often employs metal stains such as lead citrate, 
uranyl acetate, osmium tetroxide and potassium permanganate. Lead citrate alters the contrast 
and thereby enhances structures in the final image to visualise cell wall polymer architecture. 
Uranyl acetate functions as a negative stain when looking at cellulose microfibrils whereas 
potassium permanganate functions as a positive stain for lignin (Sato et al. 2001; Lehringer et 
al. 2009; Bao et al. 2012). Osmium tetroxide, in particular, provides dark contrast areas 
which correspond to lignin or to its precursors on cell walls (Fig. 2h) (Hepler and Newcomb 
1963; Borgin et al. 1975; Reza et al. 2014, 2015). Sometimes these stains are used in 
combination, e.g. the routine use of uranyl acetate and lead citrate in combination to achieve 
the highest contrast (Bao et al. 2012). 
 
When observing secondary xylem under a microscope, ‘clearing' of tissue can enhance 
transparency of the specimen and reduce background signal, thereby circumventing light 
scattering which is the main hindrance to obtaining clear microscopic observations (Running 
et al. 1995; Gray et al. 1999; Kitin et al. 2000; Richardson and Lichtman 2015; Ariel 2017). 
Clearing agents are of two types; clearing agents like ethanol are used to remove the cellular 
cytoplasmic content whereas other clearing agents like lactic acid are used due to their ability 
to reduce refraction and light scattering during microscopy (Lux et al. 2005). However, it is 
crucial to choose a compatible solvent (glycerol, acetone, ethanol) for clearing since the use 
of unsuitable solvents can result in removal of the stain (Kitin et al. 2002, 2003). Similarly, 
the potential impact of certain solvents used in sample pre-treatment, such as excess stain 
removal, on wood properties, particularly the removal of soluble fractions via organic 
solvents, needs to be considered. 
 

Morphotyping microanalytical techniques 
Micro morphotyping techniques can reveal anatomical details such as cell size, cell shape, 
secondary cell wall thickness, microfibril angle, and ultrastructural details such as different 
secondary cell wall layers and their distinct features (Donaldson 2019). In this section, we 
describe some of the most widely used micro morphotyping techniques like polarised LM, 
electron microscopy and X-ray based techniques. For ease of reference, we summarise the 
features, inherent limitations, requirements and advantages of each technique in Table 4 and 
Fig. 4 to assist with the selection of a suitable micro morphotyping technique. 
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Table 4 Comparative assessment of microanalytical techniques that can be used to morphotype the secondary xylem  

Properties 

LM/ 

PLM/FM 

CLSM SEM FE-SEM TEM 

X-ray 

scattering/ µCT 

Raman 

spectroscopy 

1. Sample thickness µm µm µm µm nm µm µm 

2. Sample preparation 

Hand sectioning (H), Microtomy (M) 

H or M H or M H or M M M M M 

3. Intact cellular structures after sample 

preparation 
       

4. Staining  

Chemical Stains (CS), Immuno Stains 

(IS), Fluorescent stains (FS) 

LM - all,  

FM - FS, 

PLM - × 

CS, IS - 

 

- 

 

 

CS, IS 

 

 

- 

 

 

- 

 

5. Technical and labour demand Low Low Low -Med Med - High Med - High Med - High Med - High 

6. Potential throughput  

(relative to each technique) 

High High Med - High Med - High Med - High Med - High Med - High 

7. Chemotyping ability    × ×  ×  

8. Possible sample damage during 

imaging/analysis 

×     Ꞌ × 

9. Output  

Qualitative (QL), Quantitative (QN) 

QL QL QL QL Both QL Both 
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10. Structural data  

Surface Structures (SS), Beneath 

Surface Structures (BSS) 

SS Both SS 

 

Both 

 

 

Both 

 

 

SS, BSSꞋ 

 

 

SS 

 

11. Additional benefits 

i = Optical sectioning, ii = Single cell 

resolution, iii = 3D images, iv = 

Micromechanical properties 

- i, ii, iii ii i, ii, iii ii, iii iiiꞋ, iv ii, iv 

12. Key references# [1], [2], [3] [4], [5], [6] [7], [8], [9] [10], [11], [12] [13], [14], [15] [16], [17], [18] [19], [20], [21] 

The above-discussed properties of LM are similar to those of PLM and FM except in the use of stains where PLM does not employ any stains and FM can employ fluorescent 

stains as well as fluorescently labelled immunostains. ꞋBetween X-ray scattering and µCT, only µCT is non-destructive, can analyse both surface and beneath the surface 

structures and generate 3D images. However, unlike X-ray scattering techniques, µCT cannot provide information on micromechanical properties. #[1] Donaldson et al. 2010, 

[2] Oldenbourg 2013, [3] Verhertbruggen et al. 2017, [4] Bao et al. 2012, [5] Liu et al. 2017, [6] Kong et al. 2018, [7] Melder et al. 2015, [8] Yeung et al. 2015, [9] 

Kanbayashi and Miyanfuji 2016, [10] Lehringer et al. 2009, [11] Foston et al. 2011, [12] Derba-Maceluch et al. 2015, [13] Donaldson and Xu 2005, [14] Reza et al. 2015, 

[15] Xu et al. 2018, [16] Brodersen 2013, [17] Ruggeberg et al. 2013, [18] Saxe et al. 2014, [19] Gierlinger et al. 2010, [20] Perera et al. 2012, [21] Zhang et al. 2017  
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Table 5 Comparative assessment of microanalytical techniques that can be used to chemotype the secondary xylem  

Properties UMSP XPS GC-MS 

Py-GC 

 (MS or FID) 

FT-IR MALDI-MS 

1. Sample thickness or weight µm µm-nm µg µg µm-µg µm-ng 

2. Sample preparation 

Hand sectioning (H), Microtomy (M), Processing Steps 

(PS)^, Laser Dissection (LD) 

 

M 

 

 

M 

 

 

PS 

 

H or LD 

 

M 

 

 

H or M 

 

3. Intact cellular structures after sample preparation   ×  ×*  

4. Technical and labour demand Med - High Med - High High Med - High Med - High Med - High 

5. Potential throughput (relative to each technique) Med - High Med - High Low High Med - High High 

6. Possible sample damage during imaging/analysis     ×  

7. Output  

Qualitative (QL), Quantitative (QN) 

Both Both QN QN Both Both 

8. Structural data  

Surface Structures (SS), Beneath Surface Structures (BSS) 

SS 

SS, 

BSS (<5 nm) 

- - SS SS 

9. Additional benefits 

i = Optical sectioning, ii = Single cell resolution 

- i - - ii ii 

10. Key references# [1], [2], [3] [4], [5], [6] [7], [8], [9] [10], [11], [12] [13], [14], [15] [16], [17], [18] 
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^ denotes processing steps such as extraction, hydrolysis, reduction and derivatisation. *× denotes instances in which sample can be used for analysis in several different 

forms such as sections or ground tissue. #[1] Koehler and Telewski 2006, [2] Carrillo et al. 2008, [3] Sandquist et al. 2015, [4] Inari et al. 2006, [5] Zuo et al. 2012, [6] 

Banuls-Ciscar et al. 2016, [7] Angeles et al. 2006, [8] Al-Haddad et al. 2013, [9] MacMillan et al. 2015, [10] Brodersen 2013, [11] Lourenco et al. 2013, [12] Lupoi et al. 

2015, [13] Alonso-Simón et al. 2011, [14] Gorzsas et al. 2011, [15] Derba-Maceluch et al. 2015, [16] Obel et al. 2009, [17] Araujo et al. 2014, [18] Sturtevant et al. 2016 
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Figure 2. (a-i) Examples of wood samples subjected to different micro phenotyping methods. (a) PLM image of a transverse 
section of Pinus radiata juvenile wood demonstrating secondary cell wall layers (S1, S2 and S3), t denotes tracheid (adapted 
and reproduced with permission from Donaldson 2019). (b) FE-SEM micrograph of Populus tremula × Populus tremuloides 
stem cross section showing secondary cell walls of xylem fibres (kindly provided by Naoki Takata, Forestry and Forest 
Products Research Institute, Japan and Yuzou Sano, Hokkaido University, Japan). (c) UMSP scanning profile of Acer stem 
cross section showing lignin on xylem fibre and parenchyma cells, where the coloured pixels denote the absorbance intensity 
at 280 nm (kindly provided by Gabriele Ehmcke, Holzforschung München, Germany). (d) FT-IR spectral image showing 
lignin distribution in wood cells of Fagus sylvatica L., the colour scale demonstrates the lignin content from low (blue) to 
high (pink) (adapted and reproduced with permission from Müller & Polle 2009). (e) MALDI-MS ion image of a transverse 
section of differentiating Chamaecyparis obtusa xylem showing the distribution of coniferin (possible lignin precursor), 
where the colour scale indicates coniferin percentage (kindly provided by Arata Yoshinaga, Kyoto University, Japan). (f) 
LM image of Populus tomentosa stem cross section stained with phloroglucinol HCl, where the arrow indicates lignification 
and ve and xf denote vessels and xylary fibres, respectively (adapted and reproduced with permission from Yang et al. 
2017). (g) CLSM image of poly(furfuryl alcohol)-treated Populus euramevicana stem cross section where fluorescence 
indicates the distribution of poly(furfuryl alcohol) on xylem cells (reprinted with permission from Kong et al. 2018, 
copyright (2018) American Chemical  Society). (h) TEM micrograph of Populus tremula × Populus tremuloides stem cross 
section showing secondary cell wall thickness of xylem cells (adapted and reproduced with permission from Felten et al. 
2018). (i) Raman spectroscopy image of Pinus sylvestris stem cross section; red squares in the cell walls denote the areas 
from where the cell wall spectra were extracted, while the triangles in the cell corners (pointed to by yellow arrows) denote 
the areas from where the cell corner spectra were extracted (adapted and reproduced with permission from Belt et al. 2017). 
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Figure 3. (a-b) Examples of non-imaging techniques used for micro phenotyping. (a) an XPS high-resolution spectra of Pinus sylvestris extracted hardwood (adapted and 
reproduced with permission from Bañuls-Ciscar et al. 2016). (b) Py-GC/MS chromatogram of Quercus suber L. xylem samples, the peaks labelled with numbers represent 
relative abundances of various lignin-derived compounds (adapted and reproduced with permission from Lourenço et al. 2016). 
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Figure 4. Selection guide for microanalytical techniques. Pink and blue shading is consistent with that in Fig. 1. The above properties of LM are similar to those of PLM and 
FM except in the use of stains where PLM does not employ any stains and FM can employ fluorescent stains as well as fluorescently labelled antibodies. 
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Polarised light microscopy (PLM) 
Polarised light is a simple method that uses thinly sectioned or macerated (see section 1)  
samples and polarised light to observe cell wall layering and to inspect secondary cell walls 
which are birefringent owing to the orientated deposition of cellulose in contrast to the 
primary cell walls which are non-birefringent as a result of random cellulose deposition. 
Hence, polarised light circumvents the requirement for stains to distinguish cellular features 
(Preston 1974; Zhang et al. 2003; Oldenbourg 2013). Some applications of PLM include 
observation of different xylem cell types at varying developmental stages, microfibril angle, 
variations in secondary cell wall thickening and cellulose crystallinity (Fig. 2a) (Andersson et 
al. 2000; Zhang et al. 2003; Oldenbourg 2013; Olins et al. 2018; Donaldson 2019). PLM has 
been successfully used to measure microfibril angle, for example, in ISSA studies involving 
as little as 30 - 80 μg of wood sector material, demonstrating the high sensitivity of this 
method (Spokevicius et al. 2007; Lima et al. 2014). Similarly, polarised fluorescence 
microscopy also has been successfully used to measure microfibril angle (Verbelen and 
Kerstens 2000; Thomas et al. 2017). In addition, polarised fluorescence microscopy is also 
capable of estimating cell wall anisotropy (Altartouri et al. 2019). 
 
Scanning electron microscopy (SEM) 
SEM is the most commonly used microanalytical technique for observing surface features 
and anatomy of wood tissue sections and cells, typically at high spatial resolution and high 
magnification. Generally, in conventional SEM, achievable spatial resolution and magni-
fication fall between 10 - 100 nm and 20× - 30,000×, respectively (Foston et al. 2011; Begum 
et al. 2012; Spokevicius et al. 2016). SEM fires a focused beam of electrons onto the surface 
of the sample and detects signals generated by electrons interacting with the sample to obtain 
information about the topography of the sample surface. Sample preparation can involve 
drying, fixing, sectioning and sputter coating or it can be as simple as just sectioning either by 
hand or by a microtome (Begum et al. 2012; Melder et al. 2015; Spokevicius et al. 2016). 
Sputter coating with gold, platinum or chromium makes samples more conductive and 
reduces charging, however, un-coated samples can be used if imaging can be done at low 
voltage mode, e.g. studies on xylem cell morphology that measures xylem cell features such 
as cross-sectional area, cell wall thickness and lumen area (Begum et al. 2012; Yeung et al. 
2015; Kanbayashi and Miyafuji 2016; Spokevicius et al. 2016). SEM provides a pragmatic 
and relatively high throughput morphotyping platform to observe the ultrastructure of the 
secondary cell wall, the anatomy of wood cells and to accurately measure cellular 
dimensions. 
 
Field emission-scanning electron microscopy (FE-SEM) 
FE-SEM is a versatile, high-resolution microanalytical technique for morphotyping both 
surface and subsurface layers of secondary xylem. In particular, it can be used to morphotype 
tissue samples which are damaged due to mechanical handling (Singh and Dawson 2014). 
Compared to conventional SEM, FE-SEM employs a low acceleration voltage, a brighter 
electron source and a smaller beam size which typically improve the magnification and 
resolution up to 50,000× - 80,000× and 1 - 10 nm, respectively. However, the sample 
resolution also depends on sample preparation. As an example, sputter coating, which takes 
place after microtome sectioning, dehydration and drying of the samples, potentially adds 
~10 - 20 nm to small structures. Heu et al. (2019) provide an excellent analysis of coating 
metals as a guide to select an optimum metal for sputter coating. As an example, the most 
suitable coating metals for high magnification and high-resolution FE-SEM imaging are 
chromium and tungsten. Although sputter coating may be disregarded, in the absence of 
sputter coating FE-SEM analysis may require a higher voltage and compared to a metal-
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coated surface, the electron emission from a non-coated carbon surface is generally low. 
Hence an appropriate coating metal should be selected depending on the nature of the 
required analysis, which could be either microanalysis or imaging at high or low 
magnification (Heu et al. 2019). 
 
In electron microscopy, charging artefacts often occur due to the tendency of electrons to 
accumulate within the sample resulting in an excess local signal. However, since FE-SEM 
can perform at low acceleration voltages, these charging artefacts can be reduced (Donaldson 
et al. 2007). When combined with a Focused Ion Beam (FIB), FE-SEM has the potential to 
provide micrographs with a resolution of as little as few angstroms, similar to that of a 
conventional transmission electron microscope. FE-SEM often serves as the method of 
choice for fibre cell analysis as it can be used to assess topography and anatomy of wood 
fibres (Fig. 2b), the arrangement of cellulose microfibres and microfibril angle (Lehringer et 
al. 2009; Foston et al. 2011; Derba-Maceluch et al. 2015; Takata et al. 2019). Although a 
higher magnification (> 80,000×) cannot be obtained without causing radiation damage and 
the delicate matter can be quickly degraded by the electron beam, FE-SEM has the potential 
to serve as a reliable and successful nanoscale platform for the analysis of tissue samples 
(Lehringer et al. 2009). 
 
X-ray scattering and micro-tomography techniques 
Wide Angle X-ray Diffraction (WAXD), Small Angle X-ray Scattering (SAXS) and X-ray 
micro-computed tomography (μCT) are some of the most commonly used X-ray based 
techniques. The WAXD and SAXS techniques are applied for elucidating structure and 
orientation of cellulose microfibrils, providing insights into the mechanical properties of 
tissue samples (Reiterer et al. 1999; Ruggeberg et al. 2013). X-ray scattering permits the use 
of samples in their native state rather than prepared samples, provides robust measurements 
and is high throughput, requiring about two minutes for measuring each angular step of 1.6º 
(Ruggeberg et al. 2013; Gerber et al. 2014). By adjusting the size of the beam, SAXS can be 
used at a spatial resolution on a micrometre scale or a bigger sample area comprising of 
several cells. However, the latter requires significant expertise in data interpretation as SAXS 
cannot differentiate between two cell types with different microfibril angles or the same cell 
type with two microfibril angles (Andersson et al. 2000; Reza et al. 2015). Radiation-induced 
damage is another drawback of X-ray based methods (Saxe et al. 2014). Nevertheless, SAXS 
and WAXS methods can provide insights into the cellulose arrangement of xylem cells. Some 
studies have used SAXS and/or WAXS methods to elucidate average microfibril angle in 
different secondary cell wall layers (e.g. S1 and S2), the average diameter of cellulose 
crystallites and the degree of crystallinity of cell wall layers (Andersson et al. 2000; Maloney 
and Mansfield 2010; Svedstrom et al. 2012; Gerber et al. 2014). However, such applications 
are not restricted to samples with secondary growth as SAXS can be successfully employed 
to elucidate microfibril angle in primary cell walls as well (Saxe et al. 2014). Furthermore, 
these techniques are often employed in X-ray based wood microdensitometry devices that 
analyse wood density and related anatomical features (Jacquin et al. 2017). For example, 
SilviScan is a device that combines an image analyser, an X-ray densitometer and an X-ray 
diffractometer which allows investigation of fibre morphology, wood density and microfibril 
angle, respectively (Evans 1994; Evans et al. 2000; Evans and Ilic 2001). In addition, μCT is 
a high-resolution and non-destructive technique for studying the 3D structure of wood which 
helps to visualise the spatial distribution and associations between different xylem cell types 
(Mayo et al. 2010; Brodersen 2013; Jacquin et al. 2017). Brodersen (2013) provides an 
excellent review of μCT in relation to wood anatomy. 
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Each micro morphotyping method has inherent constraints, requirements and potentials. 
Briefly, although PLM is convenient and straightforward, it fails to provide high resolution 
and magnification, which is crucial for morphotyping fine cellular structures. Though 
conventional SEM successfully addresses this drawback, it fails to reveal structural infor-
mation beneath solid surfaces; however, this has been overcome by FE-SEM, as it enables 
imaging subsurface features. In addition to morphotyping, X-ray scattering has the potential 
to serve as a platform for investigating micromechanical properties of tissue specimens. 
Consequently, the selection of a suitable micro morphotyping method mainly depends on 
properties such as the required type of information, throughput/number of samples, physical 
effort, cost and skills required for data analysis and interpretation. Fig. 4 provides a decision 
guide that helps to select a suitable micro morphotyping method based on some of these 
properties. 
 
Chemotyping microanalytical techniques 
In addition to the need for qualitative or quantitative information, the selection of a micro 
chemotyping method depends on the scope of the study, the throughput of sample 
preparation, the complexity of data analysis and the ease of data interpretation. Further 
consideration must be given to the toxic nature of some chemicals, and how both chemicals 
and instruments can be handled safely. Micro chemotyping methods discussed under this 
section are employed to investigate the chemical characteristics of secondary xylem samples, 
such as particular polysaccharides and phenolics present in secondary cell walls (Willats et 
al.2000), without yielding morphotypic data. 
 
Scanning ultraviolet microspectrophotometry (UMSP) 
UV microscopy generates spectra for selected areas (usually resolutions of 0.25 × 0.25 μm) 
on tissue sections and the data derived from them can be employed in in-situ characterisation 
and/or semi-quantification of lignin and phenolics (Fukazawa 1992; Koch and Grunwald 
2004; Irbe et al. 2006; Koehler and Telewski 2006; Carrillo et al. 2008; Foston et al. 2011; 
Sandquist et al. 2015; Ehmcke et al. 2017). Generally, sample preparation involves fixing, 
embedding and then sectioning (~ 1 μm thickness) (Irbe et al. 2006; Carrillo et al. 2008). For 
lignin detection, UMSP utilises the UV absorbance spectrum of lignin. As an example, 
absorbance at 273 nm, 278 nm and 280 nm wavelengths are used to semiquantify S lignin 
monomers, hardwood lignin and G lignin monomers respectively (Sarkanen and Hergert 
1971; Irbe et al. 2006; Koehler and Telewski 2006; Sandquist et al. 2015). Different colours 
represent the absorbance intensities at different wavelengths and this information can be used 
to visualise the distribution of different lignin monomers, as can be seen, for example, across 
the secondary cell wall for various fibre cells in a xylem cross-section in Fig. 2c (Irbe et al. 
2006; Carrillo et al. 2008). Similarly, UMSP can also reveal the subcellular distribution of 
phenolic extractives (Koch and Kleist 2001; Carrillo et al. 2008). Although the instrument 
that can perform UMSP is, not readily available, UMSP is a useful microanalytical technique 
both for qualitative and semi-quantitative chemotyping of secondary xylem. 
 
X-ray photoelectron spectroscopy (XPS) 
XPS can be used for both qualitative and semi-quantitative assessment of secondary xylem. 
Microtome sectioning is the only sample preparation step required, and samples with thick-
nesses in the millimetre or micrometre range are used. XPS is used to analyse cell wall 
structure and chemical composition and to semi-quantify cell wall polymers such as 
cellulose, hemicellulose and lignin, by analysing X-ray photoelectron spectra (Fig. 3a) (Sinn 
et al. 2001; Foston et al. 2011; Zuo et al. 2012; Banuls-Ciscar et al. 2016). Contemporary 
XPS analyses have the potential to provide both transverse and longitudinal (depth) 
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distribution information for chemotyping (Zuo et al. 2012). In addition to information about 
cell wall polymer distribution, XPS also detects extractives and inorganic elements such as 
calcium, potassium, phosphorus, nitrogen, carbon and oxygen (Shchukarev et al. 2002; Inari 
et al. 2006; Zuo et al. 2012; Banuls-Ciscar et al. 2016). Analysis of resulting spectral data 
provide qualitative information such as chemical structures and chemical bonds, and 
quantitative information such as changes in molecular concentrations (Foston et al. 2011; 
Zuo et al. 2012). According to Inari et al. (2006), results produced by XPS are in good 
agreement with those acquired by other spectroscopic methods. Therefore, XPS is an 
applicable, complementary, reliable method for chemotyping secondary xylem, and it 
delivers reproducible results. 
 
Gas chromatography (GC) techniques 
GC is a well-known and widely used micro chemotyping technique for identification and 
quantification of individual compounds in a mixture, usually in the form of an extraction. 
After preparation (see section 1), the sample is introduced to the GC set-up, where a carrier 
gas conveys the sample molecules to the injector port which volatilises the sample and 
introduces/injects it to the column for subsequent separation of sample components. Since the 
temperature of the injection port generally varies between 200 - 300°C, GC techniques are 
only informative for the compounds that can be vaporised below 300°C without 
decomposing. This limitation of GC techniques can be overcome by increasing the number of 
detectable compounds, through derivatising the sample to increase the volatility of polar 
fragments. However, this increases the labour-intensiveness of the sample preparation 
process. For quantification of monomers of cell wall polysaccharides (e.g. carbohydrates such 
as glucose, xylose) usually a dry weight of about 70 - 100 μg of cell wall material is used for 
the derivatisation-based sample preparation process (Angeles et al. 2006; MacMillan et al. 
2015). After sample processing, as little as 1 μl of the processed sample can be injected into a 
capillary column (Biermann and McGinnis 1989). 
 
GC can be coupled with one or more other instruments such as an autosampler, Mass 
Spectrometer (MS), Flame Ionisation Detector (FID) or pyrolyser, to reduce sample size and 
to enhance throughput, resolving power, compound detection sensitivity and data quality 
(Gerber et al. 2012; Al-Haddad et al. 2013; Lourenço et al. 2013). The use of an autosampler 
improves the throughput as it substitutes for slower manual injection of samples, and some 
autosamplers can even perform automated derivatisation of the sample. Coupling GC to MS 
(GC-MS) enables compound separation, identification and quantification of for example, 
different cell wall-derived monosaccharides such as arabinose, xylose, mannose, galactose 
and glucose (Angeles et al. 2006). When the objective is to analyse organic material, FID is 
the detector of choice. One common application of the Gas Chromatography/Flame 
Ionisation Detector (GC/FID) method is the analysis of monosaccharide compositions and 
lignin monomer ratios. GC analysis requires the construction of calibration curves for each 
monosaccharide (standard curves from pure monosaccharides), while for monosaccharides 
for which calibration samples are unavailable, the detector response of a suitable calibration 
sample is used to construct the calibration curve (Al-Haddad et al. 2013; Gerber et al. 2014). 
 
Pyrolizers can thermally decompose material at high temperatures. Thus, when a pyrolizer is 
coupled to GC, labour-intensive sample preparation steps like extraction and hydrolysis 
become unnecessary, making Pyrolysis-Gas Chromatography (Py-GC), a convenient and 
high throughput method. Pyrolizers can also be coupled to techniques such as GC-MS and 
GC-FID, resulting in Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS) and 
Pyrolysis-Gas Chromatography/Flame Ionisation Detection (Py-GC/FID). 
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Pyrolysis requires only a small amount of sample (1 - 40 μg) either in the form of a ball-
milled powder or as a thin tissue section (Lourenço et al. 2013; Gerber et al. 2014, 2016). 
Pyrolysis brings two significant advantages; pyrolytic reactions are applied to cell wall 
polymers in their in-situ context without any chemical separation or chemical modification, 
and it allows quantification of polysaccharides and lignin. Compared to Klason and acid-
soluble lignin quantification methods (standard wet chemistry analytical methods for lignin), 
Py-GC/FID is more advantageous for evaluation of total lignin in particular since it 
accurately takes acid-soluble lignin into account (Lourenço et al. 2013). The chemotypic data 
generated from Py-GC/MS can be used either to semi-quantify cell wall polymers such as 
cellulose, hemicellulose and lignin or to fingerprint the sample. These data can also be used 
to obtain detailed information such as S, G and H lignin ratios (Lourenço et al. 2013, 2016; 
Lupoi et al. 2015; Gerber et al. 2016). Although Py-GC/MS is convenient in terms of sample 
preparation, the resulting chromatograms are complex due to the wide range and variety of 
decomposition products that can be formed (Fig. 3b). Several MS libraries are available via 
National Institute of Standards and Technology (NIST), to assist in the identification of these 
decomposed compounds. Overall, Py-GC/MS and Py-GC/FID provide high throughput and 
sensitive microanalytical techniques for chemotyping cell wall polymers in secondary xylem. 
 
Fourier-transform infrared (FT-IR) spectroscopy 
FTIR is a simple, convenient and non-destructive method to obtain structural and chemical 
fingerprints of cell walls. Chemotyping can be extended to detect conformational changes 
and putative cross-links between cell wall polymers (McCann et al. 1992; Alonso-Simón et 
al. 2011; Ohman et al. 2013). It uses an infrared (IR) beam to obtain a spectrum of absorption 
or emission of the samples. Wood samples can either be cryo-sectioned (~ 20 μm thickness) 
and then dried or ground depending on the FT-IR instrument being used. Ground samples can 
be placed directly into the IR beam, whereas the chemistry of secondary xylem sections can 
be mapped with a microscope (microspectroscopy) which has the potential to analyse areas as 
small as 50 × 50 μm effectively. Contemporary instruments in transmission mode can provide 
chemical fingerprints of cell walls with spatial resolutions in the 5 - 20 μm range (influenced 
by the wavelength of the radiation) (Lasch and Naumann 2006; Gorzsas et al. 2011). Smaller 
areas require an IR source that possesses a high brilliance (synchrotron), however, this might 
prove time-consuming and challenging (Gou et al. 2008). Several studies have provided 
detailed information on different FT-IR wavelengths assigned to different cell wall polymers 
including cellulose, lignin and hemicelluloses (Fig. 2d) (Müller and Polle 2009; Alonso-
Simón et al. 2011; Gorzsas et al. 2011; Derba-Maceluch et al. 2015; Dai et al. 2020). In 
addition, near-infrared (FT-NIR) spectroscopy facilitates rapid determination of wood 
extractives and phenolic content in heartwood (Gierlinger et al. 2002). The use of multi-
variate data analysis enables FT-IR to elucidate patterns of lignin composition in wood fibres 
which could not be detected by traditional data analysis (chemical imaging by heat mapping) 
(Gorzsas et al. 2011). However, FT-IR spectroscopy is only capable of semi-quantification 
since absolute quantification would require internal standards which at this stage are not 
available for this type of tissue analysis. 
 
Matrix-assisted laser desorption ionisation mass spectrometry (MALDI-MS) 
MALDI-MS is an ionisation method where the sample is mixed or coated with an energy-
absorbing matrix such as silica to support the ionisation process. When a laser beam hits a 
target on the sample within the matrix, desorption and ionisation generate ions from the 
sample which can then be detected by a mass analyser such as MS (Liu et al. 2007; Lunsford 
et al. 2011; Araujo et al. 2014; Singhal et al. 2015). Sample preparation for MALDI-MS 
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typically involves sectioning, drying and spraying the matrix onto the sections (Araujo et al. 
2014; Yoshinaga et al. 2016). Through combination with sophisticated equipment (e.g. LTQ- 
Orbitrap MS, Time-Of-Flight (TOF) analyser) and by altering laser optics, MALDI can be 
extended to single cell level chemotyping of cell wall polymers at a high resolution (ranging 
from 5 μm - few mm) (Obel et al. 2009; Araujo et al. 2014; Li et al. 2016; Feenstra et al. 
2017; Qin et al. 2018). The resulting techniques, such as MALDI-TOF-MS, are high through-
put microanalytical techniques for obtaining chemical fingerprints of cell walls (Fig. 2e) 
using wood samples as small as 100 ng (Persson et al. 2010; Bauer 2012; Boughton et al. 
2016; Sturtevant et al. 2016). MALDI-MS can also determine S to G lignin ratios, and it also 
has the potential to provide semi quantitative information about some extractives such as 
terpenes (Sturtevant et al. 2016). When MALDI-MS is coupled with Oligosaccharide Mass 
Profiling (OLIMP), semi-quantitative data on cell wall oligosaccharides can be obtained from 
samples of around 1 μg (Obel et al. 2009; Persson et al. 2010). MALDI permits quantifica-
tion only if a library of MS/MS data is available or if a calibration curve has been created. 
However, if such information is unavailable, the literature on ion fragmentation data 
(MS/MS) can be used (Araujo et al. 2014). MALDI methods serve as valuable 
microanalytical techniques for micro chemotyping secondary xylem. 
 
Although micro chemotyping methods have many similarities among them in terms of  
requirements, restrictions and potentials, there are slight differences which make them 
unique. GC-based micro chemotyping methods can only identify cell wall polymers and 
provide quantitative information; however, these methods fail to demonstrate the distribution 
of cell wall polymers. In contrast, other techniques like XPS, FT-IR, MALDI-MS and UMSP 
can provide information which is both quantitative and qualitative (able to identify the cell 
wall polymers and to demonstrate their distribution on cell walls). Although XPS can perform 
optical sectioning and reveal information about subsurface structures (< 5 nm), it cannot 
achieve single cell resolution, which can be achieved by techniques such as FT-IR and 
MALDI-MS. A further comparison between these micro chemotyping techniques and an 
extensive summary are given in Table 5. Fig. 4 provides a decision guide to help the selection 
of a suitable micro chemotyping method based on some of the properties discussed in Table 
5.  
 
Dual micro morphotyping and chemotyping techniques 
Microanalytical techniques discussed in this section have the capacity to perform aspects of 
both morphotyping and phenotyping, allowing data on both tissue/cell morphology and 
chemical composition to be obtained from a single technique. 
 
Light microscopy (LM) 
Light microscopy is inarguably the mainstay of phenotyping techniques, as it provides a 
straightforward method for both morphotyping and chemotyping. It uses thin sample sections 
(~ 1 - 30 μm thickness), which are prepared by either hand or microtome sectioning before 
being mounted on glass slides. Morphotyping can be done either with or without staining, at 
magnifications between 40× - 1000×, to view cellular features such as size, diameter, lumen 
size, microfibril angle, cell wall thickness and cell wall area. However, stained secondary 
xylem sections are often required for chemotyping as it helps to observe the presence or 
distribution patterns of cell wall polymers (Fig. 2f) (Sato et al. 2001; Wu et al. 2009; 
MacMillan et al. 2010; Manabe et al. 2013; Yang et al. 2017). Some frequently used stains in 
LM are listed in Table 1. Micrographs obtained by LM can be further analysed using a range 
of computer software packages such as ImageJ, Fiji, BioImageXD, and Icy among others 
(Eliceiri et al. 2012). LM has for example successfully revealed changes to wood cell 
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morphology and chemical composition in response to changing environmental conditions or 
tree genetics (Carrillo et al. 2008; Bao et al. 2012; Begum et al. 2012; Chai et al. 2015; 
Groover 2016; Kanbayashi and Miyafuji 2016; Yang et al. 2017). Compared to other 
advanced microscopy techniques, LM is inexpensive, sample preparation is relatively simple 
(if fixation/embedding are not required), it does not require much expertise, provides a 
method for visualising both live and dead cells and, if unstained, provides a means for 
observing a sample’s natural colour. However, two main drawbacks of LM are low resolution 
(upper limit ~ 250 nm) and comparatively low magnification (upper limit ~ 1000×). 
 
Fluorescence microscopy 
Fluorescence is a type of LM that utilizes the fluorescence properties of the native sample or 
such properties introduced to a sample by fluorescent labels/stains, for visualisation of cell 
walls and cell wall polymers. Some of the most frequently used fluorescent stains are listed in 
Table 2. Lignin autofluorescence facilitates identification and visualisation of lignified cell 
walls and can be used to semi-quantify lignin between different cells, between distinct cell 
wall layers and different regions of the cell wall (Ma et al. 2013a). Cellulose in cell walls can 
be visualised by staining with calcofluor white which is one of the most commonly used 
fluorescent stains (Sato et al. 2001; Mitra and Loque 2014; Chai et al. 2015). In addition, FM 
is often employed to screen compression and normal wood (Donaldson et al. 2010, 2015; 
Donaldson and Knox 2012; Donaldson and Singh 2016). As an example, FM can be used to 
quantify the severity of compression wood using the ratio between the fluorescence produced 
at blue and violet wavelengths (Donaldson et al. 2010). Furthermore, FM is frequently used 
in immunohistochemistry using fluorescently labelled antibodies or fluorescently labelled 
carbohydrate binding modules (McCartney et al. 2004; Yang et al. 2013). Sample preparation 
is often as simple as sectioning (~ 20 μm thickness) except in cases where a fluorescent stain 
is required in which case there are additional staining steps. 
 
Confocal laser scanning microscopy (CLSM) 
Confocal microscopy performs non-destructive optical sectioning (~ 0.5 μm thickness) which 
enables observation of a relatively thick specimen (50 - 200 μm) at various depths, 
precluding the need for fine manual sectioning (Minsky 1988; Taguchi et al. 2010; Thorn 
2016; Dickson et al. 2017). It enables both surface observations as well as the construction of 
3D structures by using computer software to stack optical sections to generate a projection 
image (Kitin et al. 2003). CLSM allows the re-use of samples and precludes the introduction 
of artefacts that could arise from uneven thickness of sections and manual stacking of a series 
of sections. CLSM is often employed to observe changes taking place in secondary tissue/cell 
morphology and chemical composition following chemical treatment and as a result of 
altering tree genetics and/or environmental conditions (Fig. 2g) (Liu et al. 2017; Kong et al. 
2018). CLSM is also used to analyse stem sections stained with antibodies or carbohydrate 
binding modules (Bao et al. 2012). For example, CLSM has been used to observe Sitka 
spruce compression wood sections labelled with LM5 antibody which provided insights into 
the synthesis of (1→4)-β-galactan as an initial response to compression wood formation 
(Altaner et al. 2007). Similarly, using CLSM and various antibodies (Table 3) the spatial 
distribution of non-cellulosic polysaccharides including distinct xyloglucan, heteroxylan, 
galactoglucomannan, and pectin epitopes have been observed in the secondary xylem of 
Pinus radiata (Putoczki et al. 2008; Donaldson and Knox 2012). Therefore, CLSM 
can be used for both morphotyping and chemotyping (Knebel and Schnepf 1991; Donaldson 
et al. 1999; Bao et al. 2012; Liu et al. 2017; Miller and Johnson 2017). 
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Transmission electron microscopy (TEM) 
TEM has the highest resolving power of any of the methods described in this review 
(Duchesne and Daniel 1999; Reza et al. 2015). It facilitates tomography (a method for 
computing 3D structural data from a series of 2D images obtained at different angles), 
imaging (2D images) and analysis of cell wall polymers (Ercius et al. 2015). TEM can be 
coupled with analytical methods like Electron Energy-Loss Spectrometry (EELS) and Energy 
Dispersive X-ray Spectroscopy (EDX or EDS), to characterise chemicals or to analyse 
elements of samples (Reza et al. 2015). However, the requirement of ultra-thin samples 
(nanometre thicknesses), tedious sample preparation and the possibility for radiation damage 
are significant drawbacks of TEM (Reza et al. 2015; Wang et al. 2015). Sample preparation 
often involves embedding, ultramicrotomy and staining using some of the stains mentioned 
under staining in section 1. TEM and advanced versions of TEM, such as TEM-EDX, 
facilitate chemotyping by demonstrating the distribution of different polymers such as 
hemicellulose, lignin and even different monomers of lignin in cell walls (Reza et al. 2015). 
Compared to SEM, TEM micrographs are a lot ‘cleaner’ due to the absence of cell wall 
artefacts that could be introduced by sectioning. Some typical applications of TEM include 
morphotyping different cell types such as xylem fibre, vessels, axial and ray parenchyma 
(Fig. 2h), providing insights into fine structural details such as pit membrane, resence/ 
thickness of different cell wall layers (S1, S2 and S3 layer), molecular structure of 
microfibrils, microfibril angle in different cell wall layers and different structures formed by 
microfibrils (e.g. bundles, aggregates) (Duchesne and Daniel 1999; Xu et al. 2004, 2006, 
2009, 2011; Donaldson and Xu 2005; Wilson et al. 2005; Ma et al. 2013a; Reza et al. 2015; 
Wang et al. 2015). In addition, TEM can be used to visualise the distribution of immunogold-
labelled lignin, cellulose, (1→4)-β-galactan, arabinogalactan proteins and heteroxylans and 
(1→3)-β-glucan in wood cell walls (Altaner et al. 2010; Ruel et al. 2012; Kim and Daniel 
2014, 2017). Furthermore, lead citrate staining enables TEM to reveal the distribution of 
phenolic extractives such as tannins in the lumina and cell walls of xylem vessels, fibres and 
parenchyma cells (Streit and Fengel 1994) and potassium permanganate staining reveals the 
distribution of lignin where noticeable changes can be correlated to the degree of lignification 
in each cell wall layer (Lehringer et al. 2009). Reza et al. (2015) provide an excellent review 
of TEM, where more examples can be found on how TEM can be employed for morpho-
typing and chemotyping. 
 
Raman spectroscopy 
Raman spectroscopy allows label-free, non-destructive and high-resolution imaging of plant 
tissues at sub micrometre levels (< 0.5 μm). It exploits vibrational characteristics of 
molecules by utilising a monochromatic light source (laser) to measure the shift in energy of 
scattered photons which resembles the vibrational energy of the functional group that it is 
interacted with (Agarwal 2006; Schmidt et al. 2010; Foston et al. 2011; Gierlinger et al. 
2012; Ma et al. 2013b; Zhang et al. 2017). Sample preparation often involves hand sectioning 
or microtomy and may or may not involve an embedding step depending on the features of 
interest. Secondary xylem sections (~ 3 μm - 0.5 mm thickness) with intact cell walls and flat 
surfaces can be used for Raman imaging. Nevertheless, the sample impurities or lignin 
autofluorescence or both could lead to false fluorescence which could hamper the measure-
ments or conceal the actual Raman spectra; however, lignin autofluorescence can be 
mitigated by selecting a suitable excitation wavelength (Gierlinger and Schwanninger 2007; 
Gierlinger et al. 2012; Zhang et al. 2017). 
 
Several modifications have been made to Raman spectroscopy to address issues associated 
with fluorescence, long image acquisition times and to enhance sensitivity and resolution 
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further. Confocal Raman micro-spectroscopy is one such approach that combines confocal 
microscopy with Raman spectroscopy to improve resolution and reduce fluorescence 
(Agarwal 2006; Gierlinger et al. 2012; Ma et al. 2013a). Near Infrared-Fourier Transform 
(NIR-FT) Raman spectroscopy utilises lasers in the IR range instead of visible light and 
coupling it with Fourier transformation successfully addresses the issues caused by 
fluorescence (Gierlinger and Schwanninger 2007). Coherent Anti-Stokes Raman 
Spectroscopy (CARS) employs two laser beams instead of one, resulting in reduced image 
acquisition times (Pohling et al. 2014). UV Resonance Raman Spectroscopy (UVRR) utilises 
lasers in the UV range thereby improving sensitivity. By introducing controlled microdis-
placement (a microscopic movement) of the sample, this UVRR method can be extended 
to study single wood cells at the microscopic scale (Czaja et al. 2006). Specific band regions 
observed in the Raman spectrum can be used to assess and simultaneously map the distribu-
tion of cell wall polymers such as cellulose, lignin (S and G monomers), pectin and hemi-
cellulose (Agarwal 2006; Gierlinger and Schwanninger 2006; Chu et al. 2010; Schmidt 
et al. 2010; Richter et al. 2011; Gierlinger et al. 2012; Ma et al. 2013b; Ozparpucu et al. 
2017; Zhang et al. 2017). In addition, Raman spectroscopy also has the potential to reveal the 
cellular level distribution of wood extractives (Fig. 2i) (Belt et al. 2017). Band intensities in 
Raman spectroscopy are directly proportional to the analyte concentration, and therefore, 
semi-quantification can be achieved (Agarwal 2006). Raman spectroscopy is often used to 
assess cellular properties such as cell wall thickness, micromechanical properties of fibres (by 
analysing band shift patterns), microfibril angle, variability of cellulose microfibrils (at 
micron level) in different secondary cell wall layers and spatial distribution of carbohydrates 
(mainly cellulose) and lignin in cell walls (Gierlinger et al. 2010; Schmidt et al. 2010; Perera 
et al. 2012; Ma et al. 2013b). Hence, Raman spectroscopy serves as an efficient micro-
analytical technique for morphotyping and chemotyping secondary xylem in its native state 
without the need for complex sample preparation. 
 
Micro chemotyping techniques such as LM, CLSM, TEM and Raman spectroscopy can be 
used for both morphotyping and chemotyping. Although TEM and Raman spectroscopy 
provides both qualitative and quantitative information, LM and CLSM can only provide 
qualitative information. Compared to LM, CLSM has more properties such as optical 
sectioning, achieving single cell resolution and generation of 3D images. Raman spectro-
scopy also can achieve single cell resolution, and it can even reveal the micromechanical 
properties of the sample. Although TEM cannot reveal micromechanical properties, it can 
provide a resolution higher than that of any other dual micro morphotyping and chemotyping 
techniques. 
 
CONCLUSIONS 
Phenotyping of limited or small amounts of secondary xylem is challenging since only a few 
microanalytical techniques can successfully accommodate small samples. In this review, we 
aimed to provide a concise summary of some of the most commonly used microanalytical 
techniques highlighting their features, advantages and constraints in phenotyping secondary 
xylem. We have further simplified the task of selecting a suitable microanalytical technique 
by providing a comprehensive comparison and selection guide (Table 4, Table 5 and Fig. 4) 
between these microanalytical techniques based on eleven critical properties that need to be 
taken into consideration such as amount of sample/sample thickness, sample preparation, 
technical and labour demand, tissue/cellular integrity after sample preparation, possibility of 
sample damage during imaging/analysis, ability to reveal details on surface structures and 
beneath surface structures, and the qualitative/quantitative nature of the output. However, the 
ultimate selection of a suitable technique is at the user’s discretion and depends on the scope 
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of the study, cost and resource availability. 
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