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The xylem of Cactaceae is a complex system with different types of cells whose main 
function is to conduct and store water, mostly during the development of primary xylem, 
which has vessel elements and wide-band tracheids. The anatomy of primary xylem of 
Cactaceae has been widely studied, but little is known about its chemical composition. 
The aim of this study was to determine the structural chemical composition of the primary 
xylem of Cactaceae and to compare it with the anatomy in the group. Seeds from eight 
cacti species were used, representing the Pereskioideae, Opuntioideae, and Cactoideae 
subfamilies. Seeds were germinated and grown for 8 months. Subsequently, only the 
stem of the seedling was selected, dried, milled, and processed following the TAPPI 
T-222 om-02 norm; lignin was quantified using the Klason method and cellulose with the 
Kurshner–Höffer method. Using Fourier transform infrared spectroscopy, the percentage 
of syringyl and guaiacyl in lignin was calculated. Seedlings of each species were fixed, 
sectioned, and stained for their anatomical description and fluorescence microscopy 
analysis for the topochemistry of the primary xylem. The results showed that there were 
significant differences between species (p < 0.05), except in the hemicelluloses. Through 
a principal component analysis, it was found that the amount of extractive-free stem 
and hot water-soluble extractives were the variables that separated the species, followed 
by cellulose and hemicelluloses since the seedlings developed mainly parenchyma cells 
and the conductive tissue showed vessel elements and wide-band tracheids, both with 
annular and helical thickenings in secondary walls. The type of lignin with the highest 
percentage was guaiacyl-type, which is accumulated mainly in the vessels, providing 
rigidity. Whereas in the wide-band tracheids from metaxylem, syringyl lignin accumulated 
in the secondary walls S2 and S3, which permits an efficient flow of water and gives 
the plant the ability to endure difficult conditions during seedling development. Only one 
species can be considered to have paedomorphosis since the conductive elements had 
a similar chemistry in primary and secondary xylem.

Keywords: Fourier transform infrared, lignin, guaiacyl, topochemistry, primary xylem, vessel elements

Frontiers in Plant Science | www.frontiersin.org November 2019 | Volume 10 | Article 1497

OriginAl reSeArCh

doi: 10.3389/fpls.2019.01497
published: 28 November 2019

https://creativecommons.org/licenses/by/4.0/
mailto:biologoagustin@hotmail.com 
mailto:tterrazas@ib.unam.mx 
https://doi.org/10.3389/fpls.2019.01497
https://www.frontiersin.org/article/10.3389/fpls.2019.01497/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01497/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01497/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01497/full
https://loop.frontiersin.org/people/768410
https://loop.frontiersin.org/people/554456
https://loop.frontiersin.org/people/379815
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2019.01497
https://www.frontiersin.org/journals/plant-science#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2019.01497&domain=pdf&date_stamp=2019-11-28


Cactaceae Chemical Composition of Primary XylemMaceda et al.

2

inTrODUCTiOn
Xylem is a complex plant tissue formed by cells that carry out 
different functions (Baucher et al., 2007; Růžička et al., 2015) 
such as water conduction, support, and storage (Pratt et al., 
2007; Brodersen and McElrone, 2013; Lucas et al., 2013). 
Secondary xylem is the most studied structure mainly in tree 
species (Danzer et al., 2001; Lupi et al., 2010), industrial pulping 
processes (Sahin and Arslan, 2008; Reddy et al., 2014), or 
timber-yielding production (Pawlicka and Waliszewska, 2011).

Seedlings of flowering plants have primary xylem, which is 
divided into protoxylem (initial stage) and metaxylem (stage 
previous to secondary growth), where vessel elements (VEs) 
are predominant (Bierhorst and Zamora, 1965; Carlquist and 
Schneider, 2010); nevertheless, in some angiosperm families, 
there are also tracheids (Feild et al., 2000) and wide-band 
tracheids (WBTs). The latter are imperforated elements with 
annular or helical thickenings of the secondary wall (Mauseth, 
2004; Arruda and Melo de Pinna, 2010). The chemical 
composition of primary xylem has been described mainly in 
economically important herbaceous plants that do not have any 
secondary growth (Ekebafe et al., 2011; Cao et al., 2014), such as 
bamboo (Vena et al., 2010; Chang et al., 2013) and some forage 
species (Jung and Vogel, 1986; Cherney et al., 1988; Chaves et al., 
2002; Tutt and Olt, 2011).

In Cactaceae family, the anatomical characteristics of the four 
subfamilies have been vastly studied (Mauseth and Plemons, 
1995; Mauseth, 2004; Vázquez-Sánchez et al., 2017) because their 
stem morphological diversity is wide (tree, shrub, columnar, or 
globose; Vázquez-Sánchez et al., 2017), their size is diverse (small 
depressed globose to large trees; Vázquez-Sánchez and Terrazas, 
2011), and their types of cellular matrices in the wood differ 
(monomorphic, dimorphic, and polymorphic; Mauseth and 
Plemons, 1998; Arnold and Mauseth, 1999) and are related to 
growth form (Gibson, 1978; Mauseth, 2006).

The chemical composition of secondary metabolites, analyzed 
by phytochemical profiling, has allowed the identification of the 
principal compounds in the stem (Loza-Cornejo et al., 2017), 
the structural chemical composition of stem conductive tissues 
(Reyes-Rivera et al., 2015; Maceda et al., 2018; Reyes-Rivera et al., 
2018), and from other structures such as glochids and spines in 
several cacti species (Pritchard and Hall, 1976; Kohl et al., 2014).

The structural chemical composition of the secondary 
xylem of Cactaceae has been studied in fibrous, non-fibrous, 
and dimorphic species. The lignin concentration is the main 
component to distinguish fibrous species from non-fibrous ones 
(Maceda et al., 2018); also, the composition of lignin monomers 
is heterogeneous in non-fibrous and dimorphic species, but the 
occurrence of syringyl and guaiacyl is homogeneous in fibrous 
species (Reyes-Rivera et al., 2015; Reyes-Rivera et al., 2018). 
In addition, cellulose and lignin percentages differ with other 
families and between Cactaceae genera (Maceda et al., 2018).

In the case of primary xylem of Cactaceae, little is known 
about the chemical composition and proportion of the structural 
compounds of its cell elements. Several authors have suggested 
that Cactaceae wood is paedomorphic (Altesor and Ezcurra, 
2003; Mauseth, 2004; Dulin and Kirchoff, 2010), related to the 

occurrence of WBTs in adult age or having WBTs only in the 
juvenile stage (Loza-Cornejo et al., 2003; Mauseth, 2004; Loza-
Cornejo and Terrazas, 2011), changing to fibers in the adult 
one (Gibson, 1978; Mauseth and Plemons, 1998). Because of 
this, knowledge on the structural chemical composition of the 
primary xylem will allow us to establish similarity between 
primary and secondary xylem and to support the hypothesis of 
paedomorphism in the xylem tissue of this family. Therefore, in 
the present study, we determine the chemical composition of the 
primary xylem in seedlings of eight Cactaceae species, we obtain 
infrared spectra of lignin to calculate the syringyl/guaiacyl 
proportion, describe the vascular tissue with fluorescence 
microscopy, and compare the chemical composition of primary 
and secondary vascular tissues of the same species.

MATeriAlS AnD MeThODS

Plant Material
Ripe fruits from eight Cactaceae species were collected in 
several regions of Mexico, which represent the different types 
of wood and growth forms (Table 1). The fruits were dissected 
to obtain seeds. Echinocactus platyacanthus, Ferocactus 
pilosus, Leuenbergeria lychnidiflora, Lophocereus marginatus, 
Mammillaria carnea, and Myrtillocactus geometrizans seeds 
were disinfected by immersion in 10% sodium hypochlorite 
for 5 min, placed on filter paper saturated with distilled water 
in sterile Petri dishes (Loza-Cornejo et al., 2008; Guillén et al., 
2011), and kept at 25°C under a light/darkness photoperiod 
of 12 h in a germination chamber (Rojas-Aréchiga and 
Mandujano, 2013; Salas-Cruz et al., 2014; Bevilaqua et al., 
2015). Cylindropuntia imbricata and Opuntia streptacantha 
seeds were scarified with 98% sulfuric acid for 90 min, washed 
five times with distilled water, disinfected by immersion in 
10% sodium hypochlorite for 5 min, and placed on filter 
paper saturated with distilled water in sterile Petri dishes 
(Sánchez-Soto et al., 2010; Monroy et al., 2017). Seeds of 
both Opuntioideae and L. lychnidiflora were also kept in 
a germination chamber at 30°C and under a light/darkness 
photoperiod of 12 h (Souza et al., 2016).

TABle 1 | Morphology and stem characteristics of eight Cactaceae species.

Species Wood type 
(adult stage)

Stem Plant 
size

Echinocactus platyacanthus Link 
& Otto

Dimorphic Columnar Medium

Ferocactus pilosus Briton & Rose Dimorphic Columnar Medium
Cylindropuntia imbricata (Haw.) 
F.M. Knuth

Fibrous Tree Tall

Leuenbergeria lychnidiflora (DC.) 
Lodé

Fibrous Tree Tall

Lophocereus marginatus (DC.) S. 
Arias & Terrazas

Fibrous Tree Tall

Mammillaria carnea Zucc. ex Pfeiff. Non-fibrous Globose Small
Myrtillocactus geometrizans (Mart. 
ex Pfeiff.) Console

Fibrous Tree Tall

Opuntia streptacantha Lem. Fibrous Tree Tall
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After 30 days of germination, the seedlings were transplanted to 
trays with a 1:1:1 mixture of perlite–tezontle–potting soil and kept 
in the conditions previously described for germination under a 
two-times-per-week water regime (Loza-Cornejo and Terrazas, 
2011; Bárcenas-Argüello et al., 2013). From 2 to 8 months of 
age, we selected the seedlings [classified as such because they 
maintained cotyledons (Figure S1) and showed abundant primary 
vascular tissue] (Loza-Cornejo and Terrazas, 2011) for evaluations.

Standardization of the Method
For each collected seedling, the spines were eliminated to avoid their 
lignin interfering with the vascular tissue analysis, then seedlings 
were desiccated at 50°C for 48 h and milled using a mortar until 
their particle size allowed them to go through a 0.4- to 0.6-mm 
mesh. The extractive-free lignocellulose was obtained from these 
samples (Wahab et al., 2013; Reyes-Rivera and Terrazas, 2017).

The amount of sample required to extract and quantify 
extractives, Klason lignin, cellulose, and hemicellulose was 
adapted from the methodology of the TAPPI T-222 om-02 norm. 
This method has been used in studies of wood (Dence, 1992; 
Wahab et al., 2013) and fibers (Han and Rowell, 1996), including 
adult plants of Cactaceae (Reyes-Rivera et al., 2015; Maceda et 
al., 2018). For each one of the eight species, 75 seedlings were 
dried and milled and the material was homogenized. We used 25 
seedlings per replicate and three replicates per species to perform 
the extraction and quantification procedure.

Stem Extractives 
0.2 g of each milled stem sample was placed in a filter paper 
cartridge, kept for 12 h at 60°C, and its weight was registered. 
The extractive-free stem samples were obtained by successive 
extractions in Soxhlet (Reyes-Rivera and Terrazas, 2017), 
with ethanol/benzene (1:2, v/v) and 96% ethanol; each of the 
extractions took 24 cycles, which were 5 h approximately. The 
cartridges were left to dry for 12 h to obtain constant weight 
(Maceda et al., 2018). The samples were removed from the 
cartridges and they were extracted in distilled water for an hour 
at 95°C, filtered through a medium-pore Büchner filter, and 
kept at 105°C for 12 h and their constant weight was recorded 
(Maceda et al., 2018). With the weights of the residues after each 
extraction, the percentage of stem extractives was calculated 
according to the following formula:

 
% [ / ]*= + +( )A B C W0 100

 

where A is the weight (in grams) after the ethanol/benzene 
extraction, B the lost weight (in grams) after the ethanol extraction, 
C the lost weight (in grams) after the warm water extraction, and 
W0 is the weight of the initial sample (in grams).

Klason Lignin
It was quantified by the method of the TAPPI T-222 om-02 norm 
(Abreu et al., 2004; Latorraca et al., 2011; Fonseca-Prieto et al., 
2014), with some modifications. Of 72% sulfuric acid (in water, 
v/v), 0.5 ml was added to 0.05 g of the extractive-free sample and 
kept at 18°C for 2 h and shaken every 30 min. This allowed the 

sample to completely soak in the solution. After this, 14 ml of 
distilled water was added and it was kept at boiling point and at 
a constant volume for 4 h. The residue, which includes lignin, 
was filtered through a Büchner crystal funnel with fine pore, 
dried at 105°C for 12 h, and the constant weight of the sample 
was recorded (Maceda et al., 2018). Lignin percentage was 
determined according to the following formula:

 
%  / *lignin L W= ( )W W 100

 

where WL is the weight (in grams) of the resultant lignin and 
WW is the weight (in grams) of the extractive-free stem sample.

Cellulose and Hemicellulose
Kûrshner–Höffer’s method (Abreu et al., 2004) was modified to 
quantify cellulose. From extractive-free stem, 0.05 g was weighed 
and 1.25 ml of HNO3–ethanol (1:4, v/v) was added. A boiling-
reflux system was mounted in a water bath for 1 h. The HNO3–
ethanol reactive solution was eliminated by decantation and 1.25 
ml of HNO3–ethanol was added again. The extraction was made 
three times and in the last decantation, 1.25 ml of aqueous 1% 
KOH solution was added, the reflux was kept for 30 min, and 
it was finally filtered out through a Büchner filter. The residue 
was left to dry for 12 h at 50°C and the cellulose constant weight 
was recorded (Abreu et al., 2004; Maceda et al., 2018). Cellulose 
percentage was obtained according to the following formula:

 
%  *cellulose C

W
=







W
W

100
 

where WC is the cellulose weight (in grams) and WW is the 
extractive-free stem sample weight (in grams).

Hemicellulose percentage was determined with the 
gravimetric method proposed by Li et al. (2017), with few 
modifications. From extractive-free stem, 0.5 g was weighed and 
extracted with a reflux system with 10 ml of hot water for 3 h 
(solid-to-liquid ratio, 1:20 ml). The reaction system was cooled 
to room temperature and filtrated. The filtrated was concentrated 
to 1.25 ml and was poured into 3.75 ml of 95% ethanol with 
stirring. The mixture was placed for 1 h and hemicellulose 
precipitate was obtained by centrifugation (4,500 × g for 4 min) 
and freeze drying. The constant weight was recorded (H0). The 
water-insoluble solid residue was dried at 60°C for 16 h in an 
oven. After that, the solid residue was stepwise extracted with 
different concentrations of KOH (0.6%, 1.0%, 1.5%, 2.0%, 
and 2.5%) at 75°C for 3 h under a ratio of 1:20 (in grams per 
milliliter). In a final step (2.5% of KOH), the solution of 2.5% 
of KOH was mixed with ethanol (99.7%) in a 2:3 ratio. The five 
mixtures were filtered and then the filtrates were acidified to 
pH 5.5 with glacial acetic acid and concentrated to 1.25 ml. The 
mixtures were poured in 3.75 ml of 95% ethanol with vigorous 
stirring; then, the mixture was placed for 1 h to precipitate 
the hemicellulose and was finally obtained by centrifugation 
(4,500 × g for 4 min) and freeze drying. The constant weight 
was recorded in each step (H0.6, H1.0, H1.5, H2.0, and H2.5). Total 
hemicellulose was obtained by the following formula:
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 %  *hemicellulose H

W
=







W
W

100  

Syringyl/guaiacyl ratio lignin
The estimation of lignin composition has been made through 
different methods: pyrolysis–gas chromatography–mass 
spectrometry (Py-GC/MS) (Klap et al., 2000), nuclear 
magnetic resonance (NMR) (Jin et al., 2007; Weng et al., 
2010; Marques et al., 2016; Reyes-Rivera et al., 2018), Fourier 
transform infrared (FTIR) (Li et al., 2015; Reyes-Rivera et al., 
2015; Reyes-Rivera et al., 2018), and high-performance liquid 
chromatography (HPLC) (Jaramillo-Carmona et al., 2008; 
Kline et al., 2010; Reyes-Rivera et al., 2015). For this reason, 
in this paper, Klason lignin is used directly to perform infrared 
(FTIR) spectrum readings, due to Reyes-Rivera et al. (2018) 
finding consistent values when comparing these with other 
methods such as Py-GC/MS and NMR. Therefore, after the 
Klason lignin was obtained from the seedlings, the samples 
were kept in a desiccator and FTIR-ATR spectra were obtained 
using an Agilent Cary 630 FTIR-ATR equipment. Ten spectra 
were obtained for each sample. Their average was calculated 
and then the baseline and ATR corrections were performed 
to diminish spectrum noise (Jääskeläinen et al., 2003; Zhou et 
al., 2011b; Reyes-Rivera et al., 2018). After that, the 1,269- to 
1,272-cm−1 peaks were used to measure guaiacyl values and the 
1,328- to 1,330-cm−1 peaks to measure syringyl values (Luna et 
al., 2015; Safou-Tchiama et al., 2017). The measurement was 
made following Pandey’s method (Pandey’s, 2005) in which, 
after baseline correction, the values of the peaks are measured 
by creating a line that connects the lower and the higher values 
of the peak; a vertical line is drawn from the base of the x-axis 
to the top of the peak. The portion of the line between the 
top of the peak and the baseline is the correct value for each 
peak. Once the values of every syringyl and guaiacyl peak were 
obtained, the percentages of each monomer were divided to 
obtain the syringyl/guaiacyl (S/G) ratio.

Statistical Analysis
Coefficient of variation (CV) was used as a measure to quantify 
the method’s repeatability (Chaves et al., 2002) because values 
smaller than the TAPPI norm were used. The CV was obtained 
with the following formula:

 CV % SD( ) =




µ

*100  

where SD is the sample standard deviation and µ is the 
repetition average of each sample.

Once the mean, standard deviation, and CV were obtained, 
normality was determined by the Kolmogorov–Smirnov test 
and the Shapiro–Wilk analysis, which showed that there was no 
normality in the data, even after using the arcsine square root. 
Therefore, the non-parametric Kruskal–Wallis test was applied, 
as well as the Dunn test as post hoc which compares multiple 

pairs between each species and determines if the differences in 
the variables among the eight species were significant (Dinno, 
2015). The results were compared with those reported by Reyes-
Rivera et al. (2015) and Maceda et al. (2018), and with studies 
that include primary xylem data (Table S1).

Then, two principal component analyses (PCA) were 
performed—the first one to define the variables that determined 
the differences between seedlings and the second one with the 
variables of the seedlings and the adult plants of each species using 
the values of Reyes-Rivera et al. (2015) and Maceda et al. (2018).

Anatomical and Topochemical Description 
of lignin
Two to four seedlings per species were used for the anatomical 
description to obtain transverse and longitudinal sections. The 
tissues were fixed in formaldehyde, acetic acid, and alcohol and 
kept in a vacuum chamber for 24 h. This procedure facilitates 
the infiltration of the fixer and avoids vascular tissue collapse 
(Huang and Yeung, 2015). The tissues were embedded in 
paraffin, sections cut 10–12 µm thick using a rotary microtome, 
dewaxed, and stained with safranin O/fast green (Loza-Cornejo 
and Terrazas, 1996).

Microscopy fluorescence combined with safranin O/
fast green can be useful to identify differences in vascular 
tissue composition (Haseloff, 2003; De Micco and Aronne, 
2007; Frank et al., 2007) because safranin O contributes to 
highlighting the fluorophores present in the lignin molecule 
(Angeles et al., 2004; Bond et al., 2008; Donaldson, 2013; Zeng et 
al., 2015). This combination has a greater sensitivity to identify 
variations in the composition of vascular tissue compared with 
Maüle and Wiesner techniques (Kutscha and McOrmond, 1972; 
Decou et al., 2017; Kiyoto et al., 2018). Lignin fluorescence has 
been characterized by a wide range of excitation and emission 
wavelengths (Donaldson et al., 2010; Donaldson, 2013; Zeng 
et al., 2015). It has been proposed to use different wavelengths to 
identify variations in the intensity and tonalities of fluorescence 
lignin (Angeles et al., 2004; Ji et al., 2013; Zeng et al., 2017; 
Donaldson and Williams, 2018). Therefore, the observations 
were made on a fluorescence microscope with the DAPI–FITC–
TRITC band excitation, which has three types of waves: violet 
(385–400 nm), blue (475–490 nm), and green (545–565 nm), 
with emission filters of 430, 510, and 570 nm, respectively. For 
this, each sample was kept for 1 min under exposure to observe 
the autofluorescence of lignin (Donaldson and Williams, 2018) 
highlighted by safranin O (Dürrenberger et al., 2001; Angeles et 
al., 2004; Bond et al., 2008).

reSUlTS

Structural Chemical Composition
The modifications made to the TAPPI norm allowed the 
repeatability of extractives, cellulose, lignin, and hemicellulose 
percentages (Tables 2 and 3). The CV of the percentages of 
extractives was less than 5%, except for one O. streptacantha 
variable (water at 90°C) that had a CV above 5% (Table 2). 
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Hemicelluloses showed CV values less than 5%. With respect to 
lignin, four species showed a CV slightly above 5%, but only one 
species showed this value for cellulose (Table 3).

The differences in the content of structural components 
were significant (p < 0.05) among the species—the only 
exception being hemicellulose (p = 0.09, Table S2). 
Furthermore, the post hoc Dunn’s test showed that the diff-
erences among extractives of L. lychnidiflora (B) and the 
rest of the species were significant (Figure 1). Cellulose 
proportion varied significantly between M. carnea (A) and L. 
lychnidiflora (B) and the lignin proportion of L. lychnidiflora 
(A) with E. platyacanthus and M. carnea (B) (Figure 2).

Principal Component Analysis
The PCA for seedlings showed that the first two principal 
components explain 85% of the total variation between species 
(Figure 3A). In the first component (PC1), the extractive-
free stem and extractives in water at 90°C showed the highest 
contribution (Table 4); this was the case for cellulose and 
hemicellulose in the second component (PC2). In the graphic 
representation, L. lychnidiflora was separated from the other 
species (Figure 3A).

In the PCA for seedlings and adults, lignin and cellulose had 
the strongest influence in total variation in the PC1 (Table 4), 
while extractives in water at 90°C (PC2) and ethanol–benzene 
extractives (PC3) also contributed with variability, but in a 
smaller proportion. The graphic representation of the three 
components showed the separation between seedlings and adult 
plants (Figure 3B).

Chemical Composition of lignin of the 
Primary Xylem
The results of FTIR-ATR spectrum (Figure 4) showed the 
fingerprint peaks for lignin (800–1,800 cm−1). The peak 
associated with 1,501 cm−1 was the C=C aromatic ring vibration 
of guaiacyl–syringyl. At 1,325 cm−1, the syringyl ring breathing 
with C–O stretching was detected, whereas the peak at 1,271 
cm−1 detected the C–O and glucopyranosic cycle guaiacylic 
symmetric vibration. The peak at 1,225 cm−1 detected C–O and 
glucopyranosic cycle syringylic symmetric vibration, and the 
peak at 1,030 cm−1 detected the C–H in-plane deformation in 
guaiacyl and C–O deformation in primary alcohol. The last peak 
at 913 cm−1 was the =CH out-of-plane deformation in aromatic 
ring (guaiacylic–syringylic).

With peaks at 1,325 and 1,271 cm−1, the primary xylem 
ratio S/G from the stem was calculated (Table 5). The syringyl 
proportion was different among the species. M. geometrizans 
showed the lowest percentage (20.67%) and L. lychnidiflora 
the highest one (41.87%) of the whole group. On the contrary, 
guaiacyl proportion had the lowest value in L. lychnidiflora 
(58.13%) and the highest one in M. geometrizans (79.33%).

By comparing syringyl and guaiacyl percentages of the 
primary xylem with those in the secondary xylem (Table 5), it 
was noticeable that S/G proportion was similar in C. imbricata, 
E. platyacanthus, and M. carnea. The S/G proportion differs 
in other species where the percentages of syringyl increased 
and the percentages of guaiacyl decreased. For example, in 
F. pilosus, primary xylem S/G ratio was 0.55 and in secondary 
xylem was 3.5, due to the percentage of syringyl that went from 

TABle 2 | Average of the extractives in seedlings of eight species of Cactaceae.

Species ethanol/benzene (%) CV ethanol 96% (%) CV Water 90°C (%) CV

C. imbricata 7.8 ± 0.2 2.6 3.8 ± 0.2 4.2 7.6 ± 0.2 3.1
E. platyacanthus 8.5 ± 0.3 3.4 4.4 ± 0.1 3.2 10.4 ± 0.1 1.1
F. pilosus 9.7 ± 0.4 3.9 5.2 ± 0.2 4.3 9.7 ± 0.1 0.6
L. lychnidiflora 4.3 ± 0.1 2.4 2.5 ± 0.1 3.7 5 ± 0.1 1.9
L. marginatus 4.8 ± 0.2 4.4 4.4 ± 0.2 4.3 7.5 ± 0.4 4.8
M. carnea 8.2 ± 0.4 4.7 5.7 ± 0.2 3.5 9.8 ± 0.1 0.9
M. geometrizans 7 ± 0.1 1.7 4.7 ± 0.1 2.7 6.5 ± 0.3 4.1
O. streptacantha 7.5 ± 0.3 3.6 5.1 ± 0.2 3.7 9.1 ± 0.8 8.6

CV, coefficient of variation.

TABle 3 | Average of the lignocellulose percentages in seedlings of eight Cactaceae species.

Species extractive-free 
stem (%)

CV Cellulose (%) CV lignin (%) CV hemicellulose (%) CV

C. imbricata 80.7 ± 0.6 0.7 53 ± 2.2 4.1 10 ± 0.5 4.8 19.5 ± 0.2 1.3
E. platyacanthus 76.8 ± 0.5 0.7 52.8 ± 3.2 6.1 7.8 ± 0.2 2.7 19.2 ± 0.4 1.8
F. pilosus 75.4 ± 0.7 0.9 52.9 ± 0.7 1.4 7.7 ± 0.3 3.4 18.3 ± 0.4 2.4
L. lychnidiflora 88.2 ± 0.3 0.3 55.8 ± 0.9 1.6 11.5 ± 0.8 6.7 17.7 ± 0.5 2.6
L. marginatus 83.2 ± 0.7 0.9 56.2 ± 1.4 2.5 9.9 ± 0.6 6.3 18.2 ± 0.4 2.2
M. carnea 76.5 ± 0.7 0.9 54.5 ± 0.7 1.3 7.4 ± 0.6 7.5 19.5 ± 0.3 2
M. geometrizans 81.8 ± 0.5 0.6 54.6 ± 1.3 2.4 10.6 ± 0.4 3.9 18 ± 0.4 2.4
O. streptacantha 78.4 ± 1.2 1.6 51.3 ± 1.8 3.4 9.8 ± 0.7 6.7 19.1 ± 0.4 2.2

CV, coefficient of variation.
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35% to 72%. In the other species studied, syringyl percentages 
increased between 3% and 22% (Table 5).

Topochemistry of Primary Xylem
Proto- and metaxylem were found in the eight species, and in 
the 8-month-old seedlings the vascular cambium was visible. 
Vessel element of the protoxylem showed helical-type secondary 
walls and their lignin chemical composition differed from 
metaxylem. The use of safranin O/fast green staining with 
microscopy fluorescence made it possible to identify differences 
in the fluorescence emission intensity in the stem of the seedlings 
(Figure 5). With a bright-field microscope, VEs and WBTs had 
the characteristic red lignin staining while the parenchyma had 
green cellulose staining (Figures 5A, C, E, G). With fluorescence 
excitation, xylem in the vascular bundles had green tonalities; 

parenchyma from pith and cortex had just red tonalities as well 
as the epidermis (Figures 5B, D, F, H).

The fluorescence intensity was lower in the protoxylem 
with green-blue tones, while in the metaxylem the colors were 
lime green (Figure 6). Most species had VEs of metaxylem 
with helical-type secondary walls (Figures 6A, C, E), but 
L.  lychnidiflora had a reticulate-type secondary wall (Figure 
6G). The fluorescence of lignin in all seedlings had a green to 
blue emission. The holocellulose and proteins of the middle 
lamella and part of the primary cell wall were reddish in VEs, 
WBTs, and parenchyma. The primary xylem was limited by 
parenchyma cells of the pith. These parenchyma cells were 
isodiametric, with 10–50 µm in diameter. In the protoxylem of 
L. lychnidiflora, the primary wall of the parenchyma cells was 
not lignified with abundant starch grains (Figures 6G, H). The 
former can be deduced by fluorescence intensity (green-blue), 

FigUre 1 | Mean of the percentages for each type of extractive in eight Cactaceae species. Different letters indicate significant differences between means based 
on pairwise multiple comparison Dunn’s test (p ≤ 0.05). Bars represent standard deviation.

FigUre 2 | Mean of the percentages for each lignocellulosic compound in eight Cactaceae species. Different letters indicate significant differences between means 
based on pairwise multiple comparison Dunn’s test (p ≤ 0.05). Bars represent standard deviation.
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which is similar to the one found in the VEs of the protoxylem. 
With the development of metaxylem, the parenchyma in contact 
to the VEs was narrower.

C. imbricata and O. streptacantha showed WBTs in 
the interfascicular region. These WBTs had annular-type 
secondary walls. The fluorescent emission intensity of lignin in 
each thickening of the secondary wall in the WBT was weaker 
than the one found in VEs (Figures 6A, B and 7A,  B). The 
presence of WBTs was scarce in F. pilosus and M. carnea, but 
its location was within the vascular bundles. The fluorescent 
emission intensity of lignin also showed variations between 
VEs (a higher intensity and lime green coloring) and WBTs 
(green-blue coloring and a weaker intensity) (Figures 7E–H). 
The parenchyma in E. platyacanthus and M. carnea had the 
highest values of size, with a mean of 34.35 and 29.35 μm, 
respectively (Figures 7C, D, G, H), and 23.5 µm in F. pilosus 
(Figures 7E, F).

DiSCUSSiOn

Chemical Composition
The species that were significantly different in the percentages of 
seedling extractives and structural components of the cell wall 
(cellulose and lignin) were the dimorphic ones and the non-fibrous 
ones compared with the fibrous L. lychnidiflora and L. marginatus. 
These results showed that differences exist between the fibrous 
species and the non-fibrous and dimorphic species since the 
seedling stage. However, C. imbricata and O. streptacantha, which 
are fibrous wood species, did not show significant differences with 
the dimorphic and non-fibrous wood species during the seedling 
stage. The lack of differences was probably related to the abundance 
of parenchyma and the annular- and helical-type secondary walls 
in VEs and WBTs of both Opuntioideae (Figures 6A and 7A).

When comparing the results of the percentages of seedling 
extractives with those reported by Maceda et al. (2018) and 

TABle 4 | Eigenvectors, eigenvalues, and accumulated proportion of the explained variation by each variable.

Variables Seedlings Seedlings and adult plants

PC1 PC2 PC1 PC2 PC3

Ethanol/benzene −0.41 −0.14 0.24 0.05 −0.75
Ethanol 96°C −0.36 −0.13 0.31 −0.35 0.53
Water 90°C −0.42 0.04 0.19 −0.61 −0.06
Extractive-free wood 0.44 0.07 −0.31 0.53 0.21
Cellulose 0.3 0.61 0.46 0.37 0.07
Lignin 0.4 −0.29 −0.53 −0.18 0.13
Hemicellulose −0.27 0.71 0.46 0.23 0.29

Eigenvalues 5.08 0.89 3.01 2.26 1.38
Proportion variance (%) 72.5 12.8 43 32.3 19.7
Accumulated variance (%) 72.5 85.3 43 75.3 95

Bold numbers are the variables with the highest contribution within the PC.

FigUre 3 | Principal component analysis. (A) Graphic of the eight Cactaceae seedlings based on the first two principal components. The red dots represent the 
fibrous species, the green dots the dimorphic species, and the blue dot the non-fibrous species. (B) Dispersion graphic in the eight species of seedlings and adults. 
Colors correspond to each distinct species. Sd seedling. 1 Adult plant from Reyes-Rivera et al. (2015). 2 Adult plant from Maceda et al. (2018).
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Reyes-Rivera et al. (2015), a similarity was found between the 
developmental stages of C. imbricata, F. pilosus, L. lychnidiflora, 
and M. carnea. Moreover, significant differences existed 
between the four mentioned species with E. platyacanthus, L. 
marginatus, M. geometrizans, and O. streptacantha. The chemical 
characterization and quantification of the compounds in the 
extractives is little known. Most of the studies have been focused 
on the analysis of extractives in alcohol (Reti and Castrillón, 
1951; Park et al., 2001). In this study, the use of solvents with 
different polarities allowed the removal of different extractives. 
For example, with ethanol/benzene, the phenolic compounds, 
aldehydes, alcohols, waxes, and some organic acids, were 
solubilized and extracted (Vargas-Muñoz, 2008; Lansheng et 

al., 2013; Hernández-Sánchez et al., 2014). With ethanol at 96%, 
more phenolic and polar compounds were extracted (Carvalho 
et al., 2012), and with hot water (90°C), starch, gums, and pectin 
were extracted (Shebani et al., 2009; Campaña et al., 2014).

Cellulose percentages in seedlings were higher than 50% 
and exceeded those of adult plants (Reyes-Rivera et al., 2015; 
Maceda et al., 2018). High cellulose percentages were related to 
the abundance of non-lignified parenchyma and to the helical-
type secondary walls in most of the conductive elements, 
VEs and WBTs; thus, non-lignified primary walls were more 
abundant (Figures 6 and 7). On the contrary, the presence of 
lignin showed percentages lower than 10% (Table 3), while 
fibrous and dimorphic adult plants had VEs and fibers with 

TABle 5 | Syringyl and guaiacyl values for primary xylem compared to secondary xylem of eight Cactaceae species.

Species S (%) g (%) S/g ratio S (%) g (%) S/g ratio

Seedlings (Primary xylem) Adult plants (Secondary xylem)*

C. imbricata 30 70 0.43 30 70 0.4
E. platyacanthus 41 59 0.68 40 60 0.7
F. pilosus 35 65 0.55 72 22 3.5
L. lychnidiflora 42 58 0.72 48/62** 52/38** 0.9/1.6
L. marginatus 32 68 0.47 51 49 1.1
M. carnea 39 61 0.63 42 58 0.72
M. geometrizans 21 79 0.26 38 62 0.6
O. streptacantha 31 69 0.45 53/69** 47/31** 1.1/2.2

*Values taken from Reyes-Rivera et al. (2015), except M. carnea, whose values were obtained from samples derived from Maceda et al. (2018) and read by FTIR
**Values taken from Reyes-Rivera et al. (2018).

FigUre 4 | FTIR-ATR spectrum of lignin in the primary xylem of seedlings of eight Cactaceae species.
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cell walls that had accumulated abundant lignin (Reyes-Rivera 
et al., 2015).

With the quantification method of Li et al. (2017), the total 
amount of hemicellulose could be obtained, in contrast with other 
methods that only quantify one type of hemicellulose, such as 

xylan, for example. In seedlings, hemicellulose percentages were 
also high; this was mainly due to the abundance of parenchyma 
in seedlings, which is congruent with the results by Maceda et al. 
(2018) in non-fibrous species of Coryphantha, Echinocereus, 
and Mammillaria.

FigUre 5 | Comparison of bright-field illumination and fluorescence microscopy with triple-band excitation of seedling stems. (A, C, e, g) Bright-field illumination. 
(B, D, F, h) Fluorescence emission. (A, B) Lophocereus marginatus, transverse sections. (C, D) Lophocereus marginatus, longitudinal sections. (e, F) Leuenbergeria 
lychnidiflora, transverse sections. (g, h) Opuntia streptacantha, transverse sections. Scale: (A, B, e–h; 100 µm. C, D: 50 µm. c, cortex; e, epidermis; pi, pith; 
vb, vascular bundle).
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Most of the studies on the chemical structure of primary 
xylem focused on the lignocellulose compounds because of the 
importance of forage species in animal nutrition. In the species 
reported in the literature, lignocellulose compound percentages 
were different even within the same family (Bidlack and Buxton, 
1992; Kamarullah et al., 2015; Ren et al., 2015; Table S1). 

Therefore, the percentages of Cactaceae extractives were similar 
to some of the species in the Poaceae, possibly because of the 
accumulation of non-structural carbohydrates and other soluble 
compounds (Mohammadkhani et al., 1998; Butkuté et al., 2013). 
Regarding the lignocellulose compounds, only three species 
showed similar cellulose values to those found in the seedlings of 

FigUre 6 | Image seedling stems of fibrous species with triple-band excitation fluorescence. (A, C, e, g) Longitudinal sections. (B, D, F, h) Transverse sections. 
(A, B) Cylindropuntia imbricata. (C, D) Lophocereus marginatus. (e, F) Myrtillocactus geometrizans. (g, h) Leuenbergeria lychnidiflora. Bar is 50 µm in (A, B, D, e, 
g, h); 100 µm in (C); and 20 µm in (F). p, parenchyma; ve, vessel element; wbt, wide-band tracheid.
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Cactaceae. This means that cacti accumulated a higher quantity 
of cellulose in their cell walls of the stem, while the other species 
with primary xylem accumulated lower percentages (Zhang 
et al., 2015; Ekpo et al., 2016; <47%, Table S1).

The percentages of hemicellulose in the Cactaceae seedlings 
were similar to those reported in the Fabaceae family, which 

were mainly galactomannans, while in the Poaceae family the 
percentages of hemicellulose were usually higher (>23%), but 
of the beta-glucan type (Scheller and Ulvskov, 2010) (Table S1). 
Future research in Cactaceae will focus on the type of hemicellulose 
present. Regarding lignin, the percentages for Cannabis sativa 
(Cannabaceae) and Pennisetum purpureum (Poaceae) were 

FigUre 7 | Image seedling stems of fibrous, non-fibrous, and dimorphic species with triple-band excitation fluorescence. (A, C, e, g) Longitudinal sections. (B, D, 
F, h) Transverse sections. (A, B) Opuntia streptacantha. (C, D) Echinocactus platyacanthus. (e, F) Ferocactus pilosus. (g, h) Mammillaria carnea. Bar is 50 µm in 
(A, D–h); 100 µm in (B); and 20 µm in (C). p, parenchyma; ve, vessel element; wbt, wide-band tracheid.
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similar to those found in Cactaceae seedlings. It is interesting that 
in the primary xylem of Cactaceae, the percentages of lignin were 
closer to those in herbaceous species, in contrast to the reports by 
Maceda et al. (2018), where the values of the secondary xylem of 
non-fibrous and some fibrous Cactaceae species were similar to 
those of hardwood and softwood species (gymnosperms). Only 
the secondary xylem of Opuntia species had similarities with the 
bamboo Gigantochloa brang (Table S1) (Maceda et al., 2018).

Therefore, during the seedling stage of Cactaceae, a 
larger quantity of cellulose was accumulated, while in the 
development of the secondary xylem, the accumulation of 
lignin was higher in the secondary cell walls of VEs and fibers, 
especially in fibrous species, while in non-fibrous species 
lignin occurred in WBTs and VEs. The results for fibrous 
wood supported what happens in other groups of woody 
plants (Novaes et al., 2010; Barros et al., 2015).

The principal component analysis on seedling composition 
showed that the variable with the highest impact for group 
separation was the percentage of extractive-free stem (Table 4). 
This was related to what has been reported in the literature, 
where it was mentioned that during the development of primary 
xylem, plant biomass increases mainly acropetally, due to 
procambium activity, originating protoxylem and metaxylem, 
which can be distinguished anatomically by diameter and 
lignification types of the secondary wall (Kubo et al., 2005; 
Růžička et al., 2015). The water percentages at 90°C also had 
a high contribution in the first component, which would 
entail that there was a large accumulation of water-soluble 
compounds that could be related mainly to some compounds 

such as mucilage (Alalor et al., 2014; Arasi et al., 2016) and non-
structural carbohydrates (Plavcová and Jansen, 2015). Because 
principal component analysis indicated the importance of the 
extractives in seedlings and adult plants, it is important to 
quantify and identify each compound present in the different 
types of extraction in future research.

In the second component, hemicelluloses and celluloses 
had the greatest importance to separate the species. Unlike 
what happens in the secondary xylem of cacti, where lignin 
accumulation was the most important one, cellulose in seedlings 
acquired a greater relevance because the lignification is a high-
cost metabolic process (Amthor, 2003; Barceló et  al., 2004; 
Novaes et al., 2010). During the early development stages of 
plant growth, there was a larger accumulation of holocellulose 
in cell walls of parenchyma, VEs and WBTs (Pereira et al., 
2018), allowing the elongation to a lower metabolic investment.

During the development of primary xylem, the predominance 
of helical-type secondary walls in VEs and annular type in 
WBTs in proto- and metaxylem, as well as reticular type in 
secondary walls in the metaxylem of Leuenbergeria, agrees with 
the type of cell walls described for many other taxa (Bailey, 
1944; Bierhorst and Zamora, 1965; Carlquist, 2009). The 
limited secondary wall and the high proportion of unlignified 
primary wall in these tracheary elements (VEs and WBTs) 
were the major characteristics that allow us to understand why 
cellulose was the main chemical compound of primary xylem 
in Cacteae (Table 4). Moreover, for secondary xylem, lignin 
was the most important variable, which contributes to group 
separation (Figure 3B). Species with fibrous wood had VEs 

FigUre 8 | WBTs and VEs of Opuntia streptacantha, where differences in fluorescence intensity were observed with the triple-band excitation. Layers 2 and 3 
of the secondary wall have a green-blue color, while part of layer 1 of the secondary wall has a lime green color, similar to the one found in the secondary wall 
thickenings in VEs. Bar is 10 µm. p, parenchyma; pw, primary wall; swS1, first layer of secondary wall; swS2, second layer of secondary wall; swS3, third layer of 
secondary wall 3; ml, middle lamella; ve, vessel element; wbt, wide-band tracheid.
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with a higher lignin accumulation and pseudoscalariform or 
alternate pits; in addition to the presence of fibers and lignified 
axial and radial parenchyma, except for O. streptacantha that 
had unlignified parenchyma. In the case of M. carnea—a 
non-fibrous species—secondary xylem had VEs with mainly 
helical thickenings embedded in a matrix of WBTs with similar 
secondary wall thickenings (Reyes-Rivera et al., 2015; Maceda 
et al., 2018).

During seedling stage, to withstand droughts, cacti bets on the 
presence of abundant parenchyma cells and mucilage, such as it 
occurs in non-fibrous species of adult Cactaceae (Maceda et al., 
2018). In addition, the occurrence of helical-type secondary 
walls and the inclination degrees of the helixes allow the VEs to 
have a higher wettability and efficiency in water ascent (Kohonen 
and Helland, 2009; McCully et al., 2014). These helical and 
annular types of secondary wall provide VEs with resistance to 
endure the tensions generated in the water column by changes 
in water potential in the seedling. Both types of thickenings of 
the secondary wall function as supports or rings that “hold” the 
cell walls joined, preventing them from collapsing or breaking 
during changes in water potential (Karam, 2005), and represent 
an adaptive biomechanical advantage to endure drought 
conditions by allowing VEs and WBTs to bend without lumen 
closure (Garrett et al., 2010).

This trait of VEs and WBTs with helical thickenings happens 
in the primary xylem of Cactaceae seedlings and continues 
during the first year of life of most Cactoideae species and 
in the adult stage of most Cacteae species (Loza-Cornejo 
and Terrazas, 2011; Vázquez-Sánchez et al., 2017). However, 
in the case of L. lychnidiflora, VEs change during metaxylem 
development from a helical- to reticular-type secondary wall, 
a phenomenon that had not been observed in other species of 
Cactaceae. Several authors interpret the presence of annular- 
or helical-type secondary walls as a retention of juvenile traits 
(Box and Glover, 2010; Dulin and Kirchoff, 2010; Carlquist, 
2012). The retention of this type of secondary walls in the 
water-conductive cells in the adult plants is considered an 
adaptive trait and happens mainly in small-sized plants, which 
have to endure adverse conditions especially of hydric stress 
(Vázquez-Sánchez et al., 2017).

Topochemistry of lignin
The innovation of lignin in xylem cell walls allowed the 
development of tracheary elements and the establishment of 
plants in various terrestrial environments and diverse ecological 
niches (Popper et al., 2011; Cosgrove and Jarvis, 2012; Renault 
et al., 2019). The success in the distribution of angiosperms is 
due to xylem diversity and lignin (different proportions of lignin 
S/G) (Sperry et al., 2007; Weng and Chapple, 2010; Feild and 
Wilson, 2012). The results in the lignin structure of the primary 
xylem of Cactaceae were consistent among the different species 
because the guaiacyl monomer predominates in the proto- and 
metaxylem. In the secondary xylem of most of the adult plants 
(except for C. imbricata, E. platyacanthus, and M. carnea), the 
syringyl monomer predominates, as for F. pilosus (Table 5).

The use of fluorescence microscopy with triple-band excitation 
and the safranin O/fast green staining allowed to identify the 
differences in the chemical composition of cell walls from VEs 
and WBTs mainly, similar to the results of Frank et al. (2007) 
and Bond et al. (2008) with the same staining and fluorescence 
microscopy. The bands of wavelengths used were in the range of 
the reports from different authors: 488–514 nm (Speranza et al., 
2009), 450–490 nm (Bergau et al., 2016), and 488–568 nm (Bond 
et al., 2008), with sequential excitation (355, 488, and 633 nm) or 
two bands at the same time (488 and 561 nm) (Donaldson and 
Williams, 2018), and especially with the bands used by Angeles 
et al. (2004) who used the same fluorescence emission band 
for lignin (505–530) as the band used in this work. Therefore, 
with the three bands of excitation (385–400, 475–490, and 
545–565), the blue and green characteristic tonalities of lignin 
were observed (Albinsson et al., 1999; Radotić et al., 2006; Bond 
et al., 2008; Speranza et al., 2009; Donaldson, 2013). In addition, 
fluorescence intensity reflects the concentration of lignin, with 
higher intensity representing a higher accumulation of lignin (Ji 
et al., 2013) (Figure 5).

The fluorescence observations of the primary xylem in the 
seedlings showed that VEs had a higher fluorescence intensity, 
while WBT’s intensity was higher in the S1 layer of the secondary 
wall than in the S2 and S3 layers of the same wall (Figure 8). This 
would explain the values shown in Table 5 since syringyl levels 
were lower than those for guaiacyl because of a predominance 
of VE, whose composition was mainly G-type lignin (Zhou 
et al., 2011a; Saito et al., 2012), while WBTs accumulated mainly 
S-type lignin, but the G-type in the S1 layer of the secondary wall 
was also observed (Figure 8). The predominance of guaiacyl in 
the primary xylem was in agreement with that reported by Li 
et al. (2001) for angiosperms. The middle lamella and part of 
the primary cell wall in VEs, WBTs, and parenchyma showed a 
red intense color due to holocellulose (Donaldson et al., 1999; 
Donaldson and Knox, 2012) and proteins or enzymes (Donaldson 
and Vaidya, 2017).

Comparisons of syringyl and guaiacyl percentages in 
the primary xylem with those in secondary xylem reported 
by Reyes-Rivera et al. (2015; 2018) indicated that syringyl 
percentages were much higher in adult plants than those 
present in seedlings. This is possibly due to the fact that some 
species in the adult stage have fibers and the cell wall of VEs 
are completely lignified with pseudoscalariform pits, which 
influence syringyl and guaiacyl percentages. Moreover, fibers 
have a higher syringyl percentage (Obst and Ralph, 1983; 
Takabe et al., 1992; Watanabe et al., 2004). In the case of the 
non-fibrous species M. carnea, guaiacyl proportion was very 
similar in seedlings and in adult plants due to the presence 
of VEs and WBTs with annular- and helical-type secondary 
walls both in the primary (Figure 7) and secondary xylem 
(Maceda et al., 2018). The occurrence of these tracheary 
elements and their chemical composition could be related to 
the paedomorphosis process reported for Cactaceae (Altesor 
et al., 1994; Mauseth, 2004; Dulin and Kirchoff, 2010).

The accumulation of syringyl-type lignin can vary within the 
same plant due to stressing environmental factors (Donaldson, 2002; 
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Lourenço et al., 2016; Malavasi et al., 2016), mainly between early 
and latewood, where syringyl accumulation is higher in earlywood, 
while in latewood the syringyl percentage is lower and the guaiacyl 
percentage is higher. According to various authors, this change in 
lignin type allows drought conditions to be better tolerated (Takabe 
et al., 1992; Watanabe et al., 2004; Saito et al., 2012). Thus, the 
presence of a high quantity of guaiacyl in the seedlings of Cactaceae 
would be similar to what occurs in latewood of secondary xylem, 
which would give VEs in primary xylem a higher resistance to 
drought conditions.

The layered accumulation of the secondary wall observed in the 
WBTs in Figure 8 was similar to what has been reported for other 
species (Prislan et al., 2009; Zeng et al., 2015). Guaiacyl accumulated 
in the primary wall and the first layer of secondary wall (swS1), 
and later in the second layer (swS2) (Grünwald et al., 2002; Boyce 
et al., 2004; Grabber, 2005; Barros et al., 2015), where syringyl 
monomers also accumulated in a gradual manner (Yoshizawa et 
al., 1999; Donaldson, 2001; Donaldson, 2013). The presence of 
guaiacyl in the primary wall and S1 layer of the secondary wall in 
WBTs and VEs provides high resistance to compression and also 
gives more rigidity and support to VEs (Yoshizawa et al., 1993a 
and Yoshizawa et al., 1993b; Donaldson, 2001; Barceló et al., 2004).

The presence of syringyl lignin in the inner layers of the 
secondary wall of the WBTs could occur because lignin with 
syringyl/guaiacyl is less condensed and more hydrophilic, 
which allows water to flow in a more efficient way (Pereira et 
al., 2018). Thus, efficiency in water transport would allow the 
seedling to efficiently prevent the presence of embolisms and to 
avoid cavitation of VEs by allowing the flow of water through 
the WBT lumen and later through the non-lignified primary wall 
into the adjacent VE, as it has been suggested by several authors 
(Mauseth et al., 1995; Landrum 2006). Therefore, differences 
in lignin composition in Cactaceae seedlings, along with other 
factors such as succulence (Linton and Nobel, 2001; Nerd and 
Neumann, 2004), WBT presence (Loza-Cornejo et al., 2003; 
Mauseth, 2004; Landrum, 2006), and helical-type secondary 
walls in VEs (Karam, 2005), would allow to better endure 
drought conditions during their early stages by accumulating 
more guaiacyl-type lignin. This situation is modified during 
the development of the secondary xylem in most species of 
Cactaceae, where syringyl-type lignin prevails in the tracheary 
elements, not only as a structural component (Reyes-Rivera et al., 
2015; Reyes-Rivera et al., 2018) but also as a protection against 
oxidative agents of fungi (Menden et al., 2007; Skyba et al., 2013) 
or other pathogenic organisms (Martone et al., 2009). The use of 
other complementary methods such as time-of-flight secondary 
ion mass spectrometry (TOF-SIMS) (Saito et al., 2012), UV 
microspectrophotometry (Koch, 2004), along with precise 
measuring techniques like NMR and Py-GC/MS (Reyes-Rivera 
et al., 2018), will allow for a better understanding of the structural 
chemical composition of the primary xylem of Cactaceae species.

COnClUSiOn
The principal components of the primary xylem of Cactaceae 
were extractive-free stem, water-soluble compounds, and 

holocellulose, which foster quick growth at a low energetic 
expense. The retention of annular- and helical-type secondary 
walls in the secondary xylem, along with the similarity in the 
type of lignin present in the primary and secondary xylem of 
M. carnea, supported the paedomorphism for this non-fibrous 
species of Cactaceae, but not for the other species.

The efficiency in the accumulation and ascent of water was 
due to the presence of abundant parenchyma cells and annular- 
and helical-type secondary walls in VEs and WBTs. The syringyl-
type lignin in the S2 and S3 layers of the secondary walls of 
WBTs makes the flow of water easier and prevents embolism and 
cavitation in VEs, whereas the guaiacyl lignin in the primary and 
secondary walls (S1) contributes to the rigidity and support of 
WBTs. The resistance and flexibility of VEs occur because of the 
homogeneous accumulation of guaiacyl lignin in the cell wall 
and its helical thickenings.

The use of different techniques and methods in the study 
of the anatomy and the structural chemical composition of 
tracheary elements, both in the primary and secondary xylem, 
has allowed us to further understand the adaptations and 
strategies that Cactaceae species use to survive and adapt to 
the different conditions of the environments where they live 
and thrive.
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