interaction between plants and pathogens.
It connects the dynamics of the processes
mediating the assembly of soil and plant-
associated microbiomes (the causes, i.e.,
microbiome make-up) and how changes
on these processes and in the local
environment ultimately affect the dynamics
of disease outcome (the consequences,
i.e., microbiome functioning).
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Thermally Constrained
Plant Cell Wall
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Lignin enhances the mechanical
strength of plants and enables
their intrinsic water transport.
Dendrochronological, wood ana-
tomical, and plant physiological
evidence now suggests that the
degree of lignin deposition is
constrained by low temperature.
Placing these findings in an eco-
logical context implies rethinking
of the global treeline position.

More than 200 years ago, Alexander
von Humboldt provided the first global
argument for a thermal threshold of the
altitudinal and latitudinal limits of upright
tree growth [1] (Figure 1A). Although it has
been suggested that cell wall lignification
might be a factor in determining the global
treeline position [2] (Figure 1B), a firm expla-
nation of how low temperatures mechani-
cally, physiologically, and/or chemically limit
the upright growth of trees is still missing.

The Role of Cell Wall Lignification

Unlike other components of secondary
cell walls that are polysaccharide in nature
(holocellulose), lignin is a heteropolymer
derived from amino acids [3]. Being
hydrophobic, lignin constrains the hydra-
tion of cellulose, which is stronger under
dry than wet conditions. The strengthen-
ing role of lignin is essential for most
plant lifeforms, as it enables individuals
to cope with mechanical stress and to
undertake root-to-leaf water transport.
Water-conducting cells require waterproofed
and rigid walls to facilitate water uplift and to

CellPress
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resist strong negative pressure in their
conduits. In response to the mechanical
demands associated with their sheer
body size, self-supporting plants rely on
lignin to stand upright and manage static
and dynamic stressors. Lignin deposition
is the final step of plant cell wall biosyn-
thesis [3], which establishes functionally
mature cells before their genetically pro-
grammed death. While the study of lignin
has a long tradition in papermaking and
related industrial processes, its consider-
ation and interpretation in plant ecology
and biomechanics remain marginal.

To better understand the formation of
wood tissues at the cold limit of plant
growth, a recent paper by Kérner et al. [4]
describes the phenology and physiology
of the snowbell, Soldanella pusilla
(Primulaceae), at around 2450 m a.s.l. (me-
ters above sea level) in the central Swiss
Alps. Soldanella is a snowbed-adapted
clonal herb that enters winter conditions
without visible aboveground flowering
shoots. This fascinating study shows that
flower-bearing shoots can grow horizon-
tally in the transition zone between soil
and snow, even when temperatures during
an extended cold season are persistently
around 0°C. Such extremes slow substan-
tially but do not stop entirely the structural
investment in new cells that are responsible
for the elongation of flowering shoots. At
this stage in life, the almost nonlignified
cell walls of Soldanella lack the important
polymerized hardening structure
needed to grow upright (Figure 1C). How-
ever, once their flower stalk is exposed to
warmer temperatures after snowmelt, the
thermally induced process of cell wall ligni-
fication rapidly starts. Only at this point can
the flowers of Soldanella stand upright
60 mm above the ground.

The Ecological Relevance of Cell
Wall Lignification

Although not explicitly mentioned,
Kdérner et al. [4] provide important
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Figure 1. The Thermal Limit of Cell Wall Lignification. (A) Humboldt's illustration of Chimborazo volcano with vegetation belts driven by decreasing temperatures with
increasing elevation [1]. (B) Snowline and treeline elevation changes from the Northern to the Southern Hemisphere [2]. (C) Double-stained thin section of Soldanella pusilla
Baumg. (Primulaceae) flower stalk freshly excavated from snow in late spring shows almost no lignin (blue-stained cell walls) in sclerenchyma (s) and xylem vessels (x) [4].
(D) Double-stained thin section of Dryas octopetala L. (Rosaceae) stem wood from eastern Greenland reveals almost completely nonlignified (only slightly red) xylem vessels
(v) and fibers (f). (E) Pinus nigra J.F. Arnold (Pinaceae) wood thin section from >1800 m a.s.I. (meters above sea level) in the central ltalian Apennines. The so-called ‘Blue
Ring’ refers to a lack of lignin in latewood cell walls (t) in 2009, when severe atmospheric cooling lasted for a few days at the end of the growing season [9]. (F) Stem section
of Ladakiella klimesii (Al-Shehbaz) D.A. German and Al-Shehbaz (Brassicaceae) from 6200 m a.s.l. in the Himalayan Ladakh shows an almost completely nonlignified

xylem (blue).

insights into the plant physiological limits
of the development and lignification of
cell walls at the cold distribution limit. Ac-
knowledging the biological value of their
work, which certainly opens a window
towards understanding the low-temper-
ature limits of plant growth in general,
we argue for a stronger emphasis on
the ecological relevance of cell wall

lignification in a wide range of species
and at larger spatial scales. Neverthe-
less, we agree that the short stature of
most alpine and arctic plants creates ad-
vantages (i.e., a warmer microclimate).
This lifeform strategy underpins the
‘small by design’ concept stating that
small plants ‘engineer’ their microclimate
by adopting a short stature to enhance

heat accumulation near the ground dur-
ing extremely short growing seasons
[5]. A thermal limitation of cell wall lignifi-
cation, however, ultimately hinders al-
pine and arctic plants in growing tall.
This concept of ‘small by constraint’ relates
to the fact that low temperatures prevent
the lignification of any newly formed cell
wall. The resulting short stature of plants
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in extremely cold environments not only
prevents them from size-dependent me-
chanical and hydraulic stresses, but also
facilitates their decoupling from ambient
temperatures in favor of warmer growing
conditions. Although it might be argued
that small plants in cold environments do
not require lignified stems due to their
short stature, many short plants in warm
climates are rich in lignin [6].

Suggesting a thermal limit for cell wall
lignification, the recent findings are in line
with previous evidence from experimental
and observational studies. Trees growing
under controlled soil temperatures below
7°C exhibit low mechanical strength due
to the failure of cell wall lignification [7].
Stem thin sections from Dryas octopetala
L. that grew at 70° N in coastal east
Greenland lack lignification in the cell
walls of their vessels and fibers [8]
(Figure 1D). Furthermore, so-called
‘Blue Rings’ in trees at the species-
specific cold distribution limits often co-
incide with abrupt cooling after large vol-
canic eruptions (unpublished), when cell
wall lignification does not occur to its full
extent [9] (Figure 1E). Reduced cell wall
lignification has further been reported in
plants at 6200 m a.s.l. in the Himalayan
Ladakh [10] (Figure 1F). Bolstered by
these findings, we disagree with Kérner
et al. [4] that slow metabolism restricts
the growth, development, and repro-
duction of plants and thus weakens
their long-term fitness, a statement con-
trary to the ‘grow fast—die young’ theory
[11]. In fact, lacking cell wall lignification
does not relate to slow metabolism but
rather reflects plant growth under cold
extremes.

The Importance of Interdisciplinary
Research

Despite recent advances in lignin-
related research in molecular genetics,
biochemistry, bioenergy, and geno-
mics, it remains unclear when, if at all,
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the enzyme-mediated lignification
phase exactly ends [3]. Moreover, the
ecological importance of lignin’s intri-
cacies of genetic and metabolic control
is still underestimated. Future research
at the interface of wood anatomy,
plant physiology, macroecology, and
biochemistry should link experimental
observations at the cell level with
biogeographic patterns at the global
scale. We therefore call for new
research to gain mechanistic under-
standing of how and why low tempera-
tures determine the global treeline.
Future work should also provide a bio-
logical and/or physiological explanation
for the spatial distribution limit of plants
towards colder (micro)climates. A more
detailed anatomical assessment of wood
formation under cold conditions could
help understanding of the role of tempera-
ture in cell wall lignification [12]. Neverthe-
less, we anticipate exploration beyond the
treeline paradigm and even investigations
beyond the tree lifeform to unravel the
dominant factors and processes of plant
adaptation to cold temperatures. In our
view, the global treeline represents a
sharp isotherm where the mechanical and
hydraulic properties of wood cell walls rap-
idly change. While poorly lignified trees do
not exist because they could not stand,
lifeforms including an overarching trend
with lower lignification rates towards colder
climates should indicate a general pattern.
While (and contrary to [4]) polarized light
microscopy does not visualize lignin, it re-
veals whether cellulose is in a crystalline
form. Safranin and astrablue staining of an-
atomical stem thin sections, however, al-
lows the quantification of more or less
lignin content [13]. Plant stem anatomical
analyses across the largest trees and
smallest herbs [14,15] may help to eluci-
date the evolutionary and environmental
drivers of the biosynthesis and lignin depo-
sition of cell wall components in different
cell functional types, within and between
Species.
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