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Abstract

Key message We suggest, based on data available for

lignin content and W50, a limiting relationship between

embolism resistance and lignin content across various

groups of seed plants.

Abstract The appearance of lignin during plant evolution

was of defining importance in the colonization of the ter-

restrial environment. Among several evolutionary advan-

tages, lignin deposition in the xylem increased mechanical

support allowing plants to become tall, enabled more

efficient water transport, and made the conduits strong

enough to transport water under tension. Greater lignin

content in the xylem may also improve resistance to

embolism induced by drought. In this review we suggest,

based on 91 species (54 angiosperms and 37 gymnosperms)

data available for lignin content and W50 (the water

potential when 50% of conductivity in the xylem is lost), a

limiting constraint of lignin content to embolism resistance

across various groups of seed plants. For aW50 reduction of

approximately -0.3 MPa, plants allocate at least one

percent of extra lignin to their wood. Species with low

lignin content seem to be more vulnerable to embolism,

whereas species with higher content show considerable

variation in embolism resistance. Lignin content may play

an indirect role in embolism resistance, since higher total

lignin content is related to thicker cell walls. We also

discuss the vulnerability to embolism regarding the dif-

ferent composition of lignin between gymnosperms and

angiosperms and the performance of transgenic plants with

modified lignin content and composition.

Keywords Embolism � Plant cell wall � Plant hydraulics �
Water transport � Xylem � Pit membrane

Introduction

Lignin is the most abundant compound in trees, after cel-

lulose (Donaldson 2001). The appearance of lignin coin-

cides with the colonization of the terrestrial environment

by plants (Popper et al. 2011), possibly due to its funda-

mental roles in mechanical support and water transport

(Niklas 1992; Pittermann 2010). In addition, its biosyn-

thetic pathway may have played a role in the protection

from UV radiation and microbial infection in a unicellular

ancestor (Popper et al. 2011). Lignin is present in all

derived land plants, except for bryophytes, but it was also

found in Calliarthron cheilosporioides, a red algae that

shared a common ancestor with land plants over 1 billion

years ago (Martone et al. 2009), while lignin-like com-

pounds occur in primitive green algae (Delwiche et al.

1989).

Lignin is a hydrophobic polymer (Laschimke 1989) and

although having low resistance to tensile strength it confers

rigidity to the cell wall by keeping the cellulose
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microfibrils free of water (Niklas 1992). Lignin is also a

bulking agent, increasing the compression resistance of

cells (Niklas 1992).

During transpiration, the negative pressure generated in

the xylem can reach values lower than -10 MPa. The

rather thin conduit cell walls must resist these high-tension

values imposed by drought-induced stress (Hacke et al.

2001). In this scenario, lignin plays a role in providing

rigidity to the conduit cell wall, avoiding implosion. The

strength of the conduit is proportional to the ratio between

the wall thickness and lumen diameter, which determines

the necessary investment needed to avoid implosion, par-

ticularly in vessels (Hacke et al. 2001; Sperry et al. 2006).

In tracheids, however, the ratio of the wall thickness to

lumen diameter is higher than in vessels, which might be

an evolutionary consequence of the combined function of

water transport and mechanical support (Hacke et al. 2001;

Sperry et al. 2006; Bouche et al. 2014). The collapse of

xylem conduits is very rare and unlikely to occur in the

field, but the few existing observations of gymnosperms

show that it was always associated with an extremely weak

degree of lignification of the secondary wall and severe

dehydration (Barnett 1976; Donaldson 2002). However,

higher lignin content in needles from early growth stages of

Pinus pinaster than adult trees (Mediavilla et al. 2014)

seems to suggest that the difference in thickness to span

ratio and not lignin concentration explains higher levels of

xylem tracheid deformation in needles from seedlings than

mature trees (Bouche et al. 2015).

As xylem sap is typically transported under negative

pressure, gas emboli can form in conduits, which interrupt

the water transport to shoots. Depending on the number of

conduits embolised and the degree to which water transport

is impaired, this can have lethal consequences to woody

plants (Anderegg et al. 2016). Several hypotheses have

been proposed to explain embolism formation. Some of

them are related to the characteristics of the conduit walls,

such as (1) the ‘‘air-seeding’’ mechanism, which means that

air–water menisci will penetrate through the cellulose

microfibrils of bordered pit membranes between two

neighbouring vessels (Zimmermann 1983; Sperry and

Tyree 1988; Brodersen et al. 2013; Lens et al. 2013;

Schenk et al. 2015); (2) heterogeneous nucleation from

surface bubbles that are associated with a hydrophobic

conduit wall (Tyree et al. 1994; Zwieniecki and Secchi

2015); or (3) surfactant coated nanobubbles in xylem sap

may become unstable under certain conditions of gas

concentration, temperature, or pressure (Jansen and Schenk

2015; Schenk et al. 2015). Thus, a direct effect of lignin

could be expected in avoiding or inducing embolism for-

mation, especially if lignin would be present in intervessel

pit membranes, or if the presence of lignin on inner vessel

walls would affect its hydrophobic nature. However, an

indirect correlation could also exist between embolism

resistance and the amount of wood lignin content, since

there is evidence that thicker conduit walls are associated

with higher resistance to xylem embolism (Hacke et al.

2001; Cochard et al. 2008).

A strong line of evidence supporting the idea that lignin

influences embolism resistance comes from work with

mutants and transgenic plants. It has been shown that

mutants deficient in lignin can have increased embolism

vulnerability (Coleman et al. 2008; Voelker et al. 2011;

Awad et al. 2012). Several mutants for reduced lignin

content with a dwarf phenotype showed a deficient

capacity to transport water (Anterola and Lewis 2002;

Bonawitz et al. 2014). On the other hand, several plants

with a modified lignin composition do not have reduced

growth or other apparent functional problems (Bonawitz

et al. 2014; Wilkerson et al. 2014; Wagner et al. 2015). It

has been recently shown in Arabidopsis thaliana that the

dwarf phenotype seems to be caused by the disruption of

the transcription factor Mediator, which rescues the stunted

growth of a lignin-deficient mutant (Bonawitz et al. 2014).

Here we assessed the literature aiming at finding pos-

sible correlations between lignin contents and composition

with embolism resistance in wood.

Embolism resistance and lignin content

Lignin is fundamental for the development of an efficient

water transport system in plants, conferring rigidity and

impermeability to conduits. Here, we discuss the evidence

that a greater lignin deposition may increase embolism

resistance. Although lignin-deficient mutants show greater

embolism vulnerability (Coleman et al. 2008; Voelker et al.

2011; Awad et al. 2012), the functional effects of natural

variation in lignin content are not known.

Data are available on the total wood lignin contents for

many species (Fengel and Grosser 1975; Pettersen 1984).

This allows direct and/or simple comparison with

hydraulic traits. Embolism can be estimated by vulnera-

bility curves (VC), which is the relationship between

water potential and loss of conductivity. A useful

parameter to compare different species is the water

potential in which 50% loss of conductivity occurs (W50,

MPa). Thus, to assess a possible relationship between

lignin content and embolism resistance, we used the W50

values from the xylem functional traits (XFT) database

(Choat et al. 2012) and the lignin content of angiosperms

and conifers (Fengel and Grosser 1975; Pettersen 1984).

Although these databases rely on different plant materials,

we assumed that interspecific differences are greater than

intraspecific variation. Although lignin content may vary

among plant tissues (Donaldson 1985, 1991) lignin
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content is relatively stable if samples are collected from

the same plant parts, such as normal wood, with no

reaction wood or knots (Uprichard and Lloyd 1980; Sykes

et al. 2008; Novaes et al. 2009, 2010). The lignin data

were obtained from standard samples, as characterized by

a sampling procedure from Technical Association of the

Pulp and Paper Industry (TAPPI Standards, see Pettersen

1984). In short, discs with a thickness less than 25 mm

were cut from logs, discarding bark, knots, compression

and tension wood. The discs were then cut into two or

four equal portions and then they were reduced to sawdust

to maintain unchanged the proportions of sapwood and

heartwood (TAPPI 1992). We also carefully considered in

our analyses the methodology that was used to obtain the

W50 data as well as potential differences between plant

organs (e.g., roots, stems) in order to avoid any possible

bias, even considering that in most methods terminal

branches or roots are used to measure embolism. We also

assumed that the difference in lignin content is propor-

tional between trunks and terminal branches. Nonetheless,

even with these precautions, the interpretation of a causal

relation (e.g., linear regression) should be avoided and,

thus, we analysed functional relations by applying a

quantile regression, using the R package Quantireg

(Koenker 2012), which considers an increasing number of

unmeasured factors that limits the distribution of data

(Cade et al. 1999; Cade and Noon 2003). In this way, we

expected a limiting relationship with lignin content as the

limiting factor, while other non-controlled variables could

provide noise.

We considered different criteria to include and exclude

W50 values, with and without data from stems and root

samples; sigmoidal versus exponential vulnerability curves

(Cochard et al. 2013); the cavitron method, which may

overestimate W50 for long-vesseled angiosperms species

(Pivovaroff et al. 2016); and non-flushed versus flushed

samples, which may result in more negative W50 values

(Pausas et al. 2016).

Data on lignin concentration (quantified as % of total

dry mass) were based on the Klason method as published

by Pettersen (1984; including 695 entries of 589 species),

and Fengel and Grosser (1975; including 153 species). We

used species-specific average values for specimens for

which various values of lignin content were available.

Based on these datasets it was possible to compare W50 and

lignin content for 91 species (54 angiosperms and 37

gymnosperms). Various species had more than one W50

value in the XFT database, resulting in a total of 294

specimens, which allowed us to compare different methods

and curve types. Analyses were also carried out using W50

mean values for each species. We considered the 95th

quantile (corresponding to the 5th quantile for a negative

parameter such as W50).

The results are shown in Fig. 1 and Table 1, and addi-

tional comparisons in the Fig. S1 and Table S1. We found a

similar and significant limiting relationship between lignin

content and W50 in all analyses (Fig. 1

[y = -0.29 ± 0.03x ? 1.75 ± 0.72; P\ 0.002]). When

analysed separately, gymnosperms also showed a limiting

relationship (y = -0.51x ? 8.41; P\ 0.003), but with a

greater slope, while there was no significant relation for the

angiosperms. Considering all species, a low lignin content

was strongly related with high W50, i.e., with low resistance

to embolism. Species with greater lignin content, however,

exhibited greater variation in W50, i.e., they were not

constrained to high or low embolism resistance.

The greater lignin content may be evolutionarily related

to other functions in addition to water transport, such as

UV tolerance and protection to pests and pathogens. It is

important also to consider that W50 values used in our

analyses were based on terminal branches, whereas the

lignin content was extracted from mature wood, which

could be more embolism resistant than terminal branches

(Pivovaroff et al. 2014). This may partially explain why

there are species with high lignin content but low resistance

to embolism. However, a similar limiting relationship to

gymnosperms was found for the relationship among lignin

content from stems and W50 from roots (Fig. S1), since the

root database was mainly formed by this gymnosperm

species. Despite possible differences in W50 between roots,

trunks, and terminal branches, there were few species

beyond the limiting relationship in all analyses (Figs. 1,

S1). Thus, the differences between databases did not alter

the position of the species with low lignin content and the

limiting relationship was found to be consistent.

The limiting relationship considering all species may

indicate a biophysical limitation to embolism formation in

relation to lignin content in the cell wall, i.e., plants must

have a certain amount of lignin to avoid embolism

regardless of the plant group (angiosperms or gym-

nosperms), because there were few species beyond this

limit. The investment of 1% of lignin in wood may

therefore result in a -0.3 MPa less negative W50 value

(Fig. 1).

Figure 1 also suggests that the limiting relation between

lignin content and W50 was significant for different plant

groups of woody plants. Herbs and grasses present a sig-

nificant relationship between W50 and the percentage of

lignified stem tissues (Lens et al. 2016). However, the

lignin content in these plants ranges from 1 to 15% dry

mass (Knudsen 1997; Fukushima and Hatfield 2004),

which is lower than in angiosperm wood. Many herbaceous

species presented W50 values lower than -2 MPa (Lens

et al. 2016), although there is no information about total

lignin content for these species. Thus, life forms may be

important to relate lignin content with W50.
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Fig. 1 Relationship between lignin content (%) and W50 (MPa) for

gymnosperms (red points) and angiosperms (blue points) while

considering the different criteria listed in Table 1: a all W50 values

from stems (some species have more than one W50 value); b mean of

W50 from stems; c only W50 data from sigmoidal curves from stems;

d all linear quantile regressions. The solid lines represent the limiting

relationship considering all species and red dashed line are for

gymnosperms only. There was no significant relationship for the

angiosperms only. As W50 is a negative variable, the lines represent

5% quantile regression (P\ 0.05), which is equivalent to the 95%

quantile for a positive response variable

Table 1 Overview of the criteria used to analyse the possible

relationship between W50 and lignin concentration in wood, with

reference to the plant group, slope, standard error (Std error) and

P values from linear quantile regression, considering the 5th quantile.

W50 is the water potential at which 50% of conductivity is lost

W50 database Group Slope Std error P value

W50 data from stems All -0.27 0.05 0.001

Gymnosperms -0.51 0.05 0.003

Species’ mean of all W50 values from stems All -0.32 0.04 0.000

Gymnosperms NS NS NS

W50 data based on sigmoidal stem vulnerability curves All -0.27 0.08 0.002

Gymnosperms -0.50 0.17 0.003
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The different results found for gymnosperms and angios-

perms might be attributed to a different wood anatomy and

chemical composition. According to the data from Pettersen

(1984), the wood of the gymnosperms has higher lignin con-

tent than angiosperms (Fig. 2; Mann–Whitney U test,

Z = -7.26, P = 0.000; Gymnosperms: 29.7 ± 2.8 g g-1,

N = 100; Angiosperms: 26.1 ± 5.1 g g-1, N = 489).

Additionally, the unicellular conduits of gymnosperms (tra-

cheids) are shorter and narrower than themulticellular vessels

of angiosperms, and have the dual function of water transport

and mechanical support, while vessels are specialized for

conduction (Sperry et al. 2006). Such differences in terms of

cell dimensions might indicate a different strategy against

drought-induced embolism resistance. While most lignin in

gymnosperms is present in tracheids, in angiosperms a lower

content is found in vessels (see ‘‘Lignin distribution and lignin

types’’). Thus,most wood lignin content is not directly related

to embolism resistance in this group, although it would play

indirect roles (see below). That might explain why there is no

significant relationship for angiosperms, although a signifi-

cant limiting relationship was found considering both groups.

This limit for all species possibly indicates that a biophysical

limitation to construct water transport system is acting inde-

pendently of embolism resistance strategies in angiosperms

and gymnosperms species.

Wood density also has been considered to represent an

indicator of embolism resistance (Hacke et al. 2001). To

assess any significant relationship between wood density

and lignin content, we used data from Pettersen (1984) for

lignin content and the Global Wood Density database

(Zanne et al. 2009; Chave et al. 2009). We compared data

from 279 species (222 angiosperms and 57 gymnosperms)

and could not find a significant relationship when analyzing

all data together or separately for gymnosperms and

angiosperms (Fig. S2).

Our comparisons suggest that only species with greater

lignin content are more resistant to embolism, as indicated

by the W50 values. Although the number of species inclu-

ded in this analysis lends some credibility to the relation-

ship found, it is important to remember that the data were

taken from different sources (i.e., different plant speci-

mens, populations, locations, subspecies, etc.). Thus, a

direct relationship might be obtained by carrying out

studies under controlled conditions with a significant and

representative number of gymnosperms and angiosperms.

Additionally, treatments inducing variation in the lignin

content in a single species, including transgenic plants,

might be another alternative to reveal mechanisms relating

lignin and embolism resistance.

Lignin and mechanisms of embolism resistance

Understanding embolism resistance is a key factor to elu-

cidate plant responses to drought and adaptive strategies in

both dry and wet environments (Choat et al. 2012; Lens

et al. 2013; Anderegg et al. 2016). A key feature that

contributes to embolism resistance in angiosperms seems

to be pit membrane thickness (Choat et al. 2008; Jansen

et al. 2009; Li et al. 2016). The reduced diameter of the

pores confers a greater capillary resistance to air entry

(Zimmermann 1983; Choat et al. 2008). Although most

papers suggest that lignin does not occur in intervessel pit

membranes (Bamber 1961; Sano and Fukuzawa 1994;

Fineran 1997; Donaldson 2001), few papers suggest that

cellulose microfibrils in the pit membrane are impregnated

with lignin (Fromm et al. 2003; Boyce et al. 2004; Schmitz

et al. 2008; Herbette et al. 2015). Additional work using

antibodies or specific staining reactions (e.g., Fineran

1997) would be needed to test the potential presence of

lignin in various angiosperm species. The occurrence of

lignin in the pit membrane may reduce the wettability, i.e.,

the contact angle between the pit membrane and an air–

water meniscus, which has consequences for the bubble

point pressure difference (P) needed for air-seeding. A

reduced wettability would result from the Young–Laplace

law (P = k4T.cos a/D; where k is the shape correction

factor, T is the surface tension of water and D is the pore

diameter) in a reduced air-seeding pressure, increasing the

vulnerability to embolism. However, a controlled adjust-

ment of the deposition of less hydrophobic lignin
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Fig. 2 Percentage of wood lignin content for angiosperms (N = 489)

and gymnosperms (N = 100) according to the data from Pettersen

(1984), and hypothetical lignin distribution in fibers (orange), vessels

or tracheids (blue) and middle lamella region or secondary wall

(dotted areas), assuming: lignin concentration is 50% in the middle

lamella region (including primary wall) and 20% in the secondary

wall; middle lamella and secondary wall represent 10 and 90% of the

cell wall respectively, in both angiosperms and gymnosperms; wood

of angiosperms are composed by 53% of fiber walls and 8% of vessel

walls (and lignin is only present in theses tissues). See details in the

‘‘Lignin distribution and lignin types’’. Bars represent standard

deviation
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monomers could improve the mechanical strength of the pit

membrane, while maintaining a high wettability depending

on other wall components, and thus maintaining high

embolism resistance. The presence of lignin might increase

the younǵs modulus, resulting in greater flexural rigidity of

the pit membrane, since air-seeding may occur by

enlargement of the pores or formation of micro cracks in

the pit membrane (Tixier et al. 2014; Hillabrand et al.

2016). It is also important to consider that the wettability

may be affected by the type of lignin in relation to other

wall components, which could be relevant for the occur-

rence of surface nanobubbles on hydrophobic parts of inner

conduit walls.

Other anatomical traits that have been indirectly related

to embolism resistance include conduit wall thickness

(Hacke et al. 2001; Cochard et al. 2008) and fibre wall

thickness (Jacobsen et al. 2005; Cochard et al. 2007).

Thickening of the secondary walls of the conduits is

directly related to implosion resistance (Hacke et al. 2001;

Jacobsen et al. 2005; Sperry et al. 2006). Due to a corre-

lation between vessel wall thickness and pit membrane

thickness (Jansen et al. 2009; Li et al. 2016), the wall

thickness is indirectly correlated with air-seeding via pit

membranes. It is possible that reinforced walls of conduits,

neighbouring fibers, or parenchyma cells surrounding

vessels, avoid micro-cracks through which embolism

nucleation may occur or air could be sucked in (Jacobsen

et al. 2005). Another possibility is that the conduit lumen is

reduced when walls are thick, with consequent low con-

ductivity, and it is known that species resistant to embolism

show low conductivity (Gleason et al. 2015).

Lignin distribution and lignin types

To understand the potential role of lignin for plant

hydraulics, it is important to know the distribution of

this polymer in the cell walls and in different tissues. It

is also important to know how cell wall monomeric

composition varies. Lignin in the cell wall forms

chemical bonds with hemicellulose, which in turn

adheres to cellulose microfibrils (Donaldson 2001), but

the concentration of these components varies widely.

According to Donaldson (2001), the middle lamella and

primary wall are composed of more than 50% of lignin

in both angiosperms and gymnosperms, whereas about

20% is found in the secondary wall, depending on the

cell type. However, the secondary wall contains most of

the total lignin content due to its greater volume. A

hypothetical contribution of the middle lamella region

(including the primary wall) and secondary wall to the

total lignin content is shown in Fig. 2. It was considered

that the middle lamella region represents 10%, and the

secondary wall 90% of the cell wall volume (Fergus

et al. 1969). In this case, the contribution of the middle

lamella and secondary wall to the total lignin content is

about 17 and 83%, respectively.

Lignin is also heterogeneously distributed in wood

because of the different cell types in angiosperm xylem.

Secondary walls of vessels and fibers are composed of

roughly 20% of lignin and ray cells about 44% when the

latter are lignified (Donaldson 2001). Wood may be com-

posed of up to 53% of fiber walls and up to 8% of vessel

walls (Ziemińska et al. 2013). If we consider only cell

walls of fibers and vessels, since parenchyma cell wall are

comparatively thinner [although in some cases they are

large and lignified (Plavcová and Jansen 2015)], 86 and

14% of the lignin in wood should be present in fibers and

vessels, respectively (Fig. 2).

Lignin composition also varies between gymnosperms

and angiosperms. Three canonical precursors produced in

the phenylpropanoids pathway are involved in the

biosynthesis of lignin—p-coumaryl, coniferyl and sinapyl

alcohols, which after incorporation into lignin are referred

to as p-hydroxyphenyl (H), guaiacyl (G) and syringyl

(S) units, respectively (Bonawitz and Chapple 2010;

Cesarino et al. 2012). Their proportion varies among cell

types, taxa and between tissues in the same plant, but other

phenylpropanoids may also be part of the lignin and are

incorporated at varying levels (Raes et al. 2003). The

incorporation of H and G units into lignin starts during

early phases of the primary cell wall formation, but are

only incorporated in the actual cell wall after initiation of

the secondary wall deposition (Grabber 2005). The lignin

of angiosperms is mainly composed of G and S units and

has traces of H units, while the lignin of gymnosperms is

mostly composed of G units with small amounts of H units

(Vanholme et al. 2010). Although it is generally accepted

that angiosperm vessels are composed mostly of G units

and minor part of S units, variation exists among species

(Takabe et al. 1992; Wu et al. 1992; Watanabe and Fuka-

zawa 1993).

Possible functions of different types of lignin

Is it possible to explain functional aspects of vessels, fibers

and tracheids by their lignin composition? Although there

are few detailed descriptions of lignin distribution among

species (Terashima et al. 1986, 1988; Terashima and

Fukushima 1988; Fukushima and Terashima 1990, 1991;

Takabe et al. 1992; Wu et al. 1992; Watanabe and Fuka-

zawa 1993; Saito et al. 2012) and even less about the

natural environmental influences on lignin composition

(e.g., Stackpole et al., 2011), some characteristics of lignin

polymers might define their tissue functionality.
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In theory, 16 linkages can be formed among H, G and S

units (Baucher et al. 1998). In gymnosperms, there is a

greater deposition of H units in the middle lamella and cell

corners, with G units mainly deposited in the secondary

wall (Fukushima and Terashima 1991). The greater ligni-

fication rate of the primary wall should increase the

mechanical adhesion between adjacent cells (Niklas 1992).

The higher investment in H units can be attributed to its

strength, since compression wood shows large amounts of

H units, both in the middle lamella and secondary wall

(Fukushima and Terashima 1991), thus indicating that

lignin formed by H units is more condensed (Baucher et al.

1998). This trait may increase the mechanical strength and

supports the stem (Du and Yamamoto 2007). The distri-

bution of H units can give us clues about the mechanical

function of H units in gymnosperms. In addition, there is a

decrease of hydraulic conductivity in compression wood

(Boyce et al. 2004; Pittermann et al. 2006). On the other

hand, since H units are deposited in the middle lamella of

vessels (Fukushima and Terashima 1990), but in a small

amount (Baucher et al. 1998), they may not play a direct

role in angiosperm plant hydraulic traits.

Lignin rich in G units is more cross-linked because more

biphenyl and other carbon–carbon bonds are formed,

resulting in a more rigid and hydrophobic polymer than

lignin rich in S units (Koehler and Telewski 2006; Bon-

awitz and Chapple 2010). The relatively higher abundance

of G units in conduits, and possibly more hydrophobic

parts of the wall, can be a paradox since it could reduce the

capillary pressure and increase the nucleation of embolism

(Tyree et al. 1994). However, McCully et al. (2014)

recently suggested that bordered pits are generally hydro-

philic, composed of hydrophilic pit chambers and

hydrophobic pit borders, which may become hydrophilic or

hydrophobic if the conduit is water or gas filled, respec-

tively. Herbette et al. (2015) suggested the occurrence of

non-condensed lignin (composed of S or G ? S units) in

pit membranes of hybrid poplar (Populus tremula 9 alba).

Those polymers have free phenolic hydroxyl groups that

increase the wettability and are more linear and less cross-

linked by the presence of a methoxyl group than lignin rich

in G units. This may result in a strong but flexible polymer

(Koehler and Telewski 2006; Bonawitz and Chapple 2010).

This characteristic can maximize the mechanical support

function of the fibers as well as give flexibility to vessels,

avoiding cell wall fractures when xylem sap is under

negative pressure (Jacobsen et al. 2005; Koehler and Tel-

ewski 2006).

There is evidence from molecular studies that deposition

of lignin in different xylem cell types is highly controlled

(Ralph et al. 2004). Thus, the distinct cell functions of

fibers and vessels in angiosperms and their different S/G

ratios are good indicators of a functional control of the

lignin monomers deposition. Stackpole et al. (2011) found

a strongly positive relationship between latitude and S/G

ratio in populations of Eucalyptus globulus. Although they

did not identify the cause of the variation, they suggested

an adaptive response to abiotic and/or biotic factors.

However, as mentioned above, the tendency of increase in

S units suggests a more elastic polymer, which influences

the hydraulic as well as mechanical properties of the cell

wall.

Transgenic plants

Several transgenic plants with altered lignin content and/or

deposition show impaired vascular system development,

such as collapsed vessels, which is directly related to

stunted growth shown by these plants (Anterola and Lewis

2002). However, most of this information comes from

transgenic model plants grown in growth chambers or

greenhouse (Pilate et al. 2012). For instance, there is a clear

increase in vulnerability to embolism in poplar trees with

reduced lignin content (Coleman et al. 2008; Voelker et al.

2011; Awad et al. 2012). These results were obtained in

plants with lignin reduced by 2% to more than 50%.

Although lignin has been generally related to embolism

resistance, it is possible that the increase of vulnerability in

transgenic plants is due to the reduction of G units,

affecting the vessels directly (Coleman et al. 2008). But, in

other, the lower content of S units, possibly in the fibers,

also resulted in an increase of embolism vulnerability

(Voelker et al. 2011). Curiously, several transgenic plants

did not show altered water transport and mechanical

properties, although they had increased vulnerability to

embolism (Awad et al. 2012).

Transgenic plants of A. thaliana have been produced,

containing very high amounts of H units, from 10 to

15-fold more than normal cell walls (Sundin et al. 2014) to

lignin that is almost exclusively composed of H units

(Bonawitz et al. 2014). Under controlled conditions in

growth chambers they showed very few collapsed vessels

and although these were similar to normal cell walls, they

were thinner than wild plants (Bonawitz et al. 2014).

Despite the production of mutants with modified lignin

and without apparent functional problems (Bonawitz et al.

2014; Wilkerson et al. 2014), these plants have to be tested

under conditions of drought stress, which is likely to result

in impaired growth. Also, these plants do show some col-

lapsed vessels even under controlled conditions (Bonawitz

et al. 2014).

Perhaps a better understanding of the importance of

structural lignin alteration in the embolism process might

be obtained using T-DNA insertion mutants of A. thaliana

available in seed stocks (Arabidopsis Biological Resource

Trees (2018) 32:349–358 355

123



Center—https://www.arabidopsis.org/abrc/index.jsp). The

inflorescence stems of these plants could be an interesting

model to study embolism resistance (Tixier et al. 2013).

Conclusions

The limiting constraint of lignin content to W50 seems to

suggest that plants require a minimum amount of lignin to

tolerate embolism, indicating an investment in the sec-

ondary wall and an indirect relation with pit characteristics.

Different proportions of lignin monomers (S/G ratio) may

modulate the hydrophobicity (McCully et al. 2014; Her-

bette et al. 2015), and therefore the hydraulic properties of

the conduits. It is possible that differential deposition of

lignin occurs in response to the environment (Stackpole

et al. 2011), despite the known variation in earlywood,

latewood, compression and tension wood. Further studies

need to be focused on the functional consequences for

growth and embolism resistance in transgenic plants with

modified lignin.
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