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Abstract

Lignin contents of mature wood growth rings formed under soil moisture extremes
were determined to investigate the possibility of drought-caused reductions in
lignin deposition for the southern pines. A well-defined set of slash (Pinus elliottii
Engelm.), longleaf (Pinus palustris Mill.) and loblolly pine (Pinus taeda L.) incre-
ment cores were processed to excise growth rings formed during multiyear periods
of above- (wet) or below-normal (drought) soil moisture. The average acid-insoluble
(Klason) lignin content of the resultant drought-formed slash pine wood samples
was significantly lower (31.4% vs. 34.1%; P=0.0005) than that for the correspond-
ing wood samples from growth rings formed under conditions of ample soil mois-
ture; respectively higher glucan (40.6% vs. 36.9%; P=0.0010) and mannan (11.7 vs.
10.4%; P=0.0010) values were also observed. Small, but significant differences for
other hemicellulose derived sugars (xylan, arabinan) were determined for the lon-
gleaf and loblolly pine wood samples. Altogether, these data represent the first wet
chemical results showing differences in lignin and polysaccharide sugar contents
for mature wood formed in pine trees during annual droughts. Among the southern
pines evaluated here, slash pine is the least drought tolerant; the lower lignin content
observed for the slash pine drought-formed wood is particularly intriguing since it
occurred with the species most susceptible to water stress.
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Introduction

The pine forests of the southeastern USA have changed in species composition from
the predominance of longleaf pine (Pinus palustris Mill.) at the time of colonial
settlement, to the highly productive pine plantations of loblolly (Pinus taeda L.)
and slash (Pinus elliottii Engelm.) pines that are now widespread across the region
(Fox et al. 2007). The current longleaf pine forest only occupies about 3% of its pre-
settlement range (Frost 1993; Outcalt and Sheffield 1996); however, longleaf pine
restoration efforts, coupled with a nearly 50% decrease in shortleaf pine (Pinus echi-
nata Mill.) forestland from 1992 to 2012 (South and Harper 2016), have allowed
longleaf pine to regain some of its prior stature, now ranking as the third most abun-
dant southern pine species in terms of land area. Following a nearly 18-fold increase
in pine plantation forestland over a timeframe of 50 years, the volume of planted
southern pine timber was estimated to be at 677 million m? at the close of the twen-
tieth century (Wear and Greis 2002; Fox et al. 2007). Accordingly, the southern pine
forests are the dominant resource for wood production in the USA (Schultz 1999).

Wood features and variability

Southern (yellow) pine wood has characteristically wide latewood bands that sets
it apart among the hard pines (Kubler 1980; Panshin and de Zeeuw 1980). These
wide latewood bands can comprise more than 60% of the ring width in the mature
wood zone (Eberhardt and Samuelson 2015). As the growing season commences in
the spring, temperatures increase and the cambium resumes producing wood cells in
radial files (Creber and Chaloner 1984; Samuels et al. 2006; Rathgeber et al. 2016).
Earlywood (springwood) is formed as the development of new tracheids is favored
over secondary wall thickening (Larson 1969). As temperatures rise and moisture
availability declines into the summer months, latewood (summerwood) is formed
with tracheids having smaller lumina, thicker cell walls, and smaller cell sizes (Plo-
mion et al. 2001; Cuny et al. 2014). The smaller lumina of the latewood have been
suggested to reduce xylem vulnerably to embolism under water stress (Plomion
et al. 2001); however, an exception has been shown for Douglas-fir (Pseudotsuga
menziesii) where vulnerability to embolism was lower in the earlywood than in the
latewood under normal moisture conditions (Domec and Gartner 2002). For loblolly
pine growing on the southernmost sites of its range, the growing season is longer,
resulting in greater proportions of latewood in the growth rings (Jokela et al. 2004).
Cell wall thickening has been shown to continue into winter dormancy for both
loblolly and slash pines in the upper Piedmont region in South Carolina (Nix and
Villiers 1985).

Although the initiation of latewood formation coincides with changing climate
conditions of reduced water availability and increased temperatures, the signals
produced are presumably linked with an array of metabolic processes including the
transport of photosynthates and changes in auxin availability (Larson 1969; Uggla
et al. 2001). These metabolic processes not only influence within-growth-ring
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variability, but also between growth-ring variability, progressing from the pith out-
ward toward the bark (Lachenbruch et al. 2011). The wood in the center of a pine
tree, comprising the juvenile wood zone, shows the greatest progression of anatom-
ical and physical property changes, differentiating it from the mature wood (Lar-
son et al. 2001). The characteristics of juvenile wood (or corewood) in the south-
ern pines include a lower proportion of latewood, lower specific gravity (SG), and
higher occurrence of abnormal features such as compression wood (Larson et al.
2001). The juvenile wood core in pines is generally viewed to extend from the base
of the tree to the crown (Zobel and Sprague 1998); however, some assessments indi-
cate that the wood in the tree crown has properties with greater similarity to the
mature wood at the tree base (Kibblewhite 1999; Burdon et al. 2004; Eberhardt et al.
2019).

Water stress and the southern pines

Longleaf pine is particularly useful for dendroclimatic and dendroecological (Man-
zanedo and Pederson 2019) studies in the southeastern USA because it has the long-
est lifespan among the southern pines and can be found as well-preserved resinous
relicts (Devall et al. 1991; Bhuta et al. 2009; Henderson and Grissino-Mayer 2009;
Kush et al. 2004). Its wide distribution before colonial settlement can be attributed
to greater suitability to drier sites (Lantz 1987; Landers 1991) and lower suscepti-
bility to fire (Stanturf et al. 2002) compared to loblolly and slash pines, with these
latter two species being relegated to wet sites. Resistance to water stress does not
appear to carry through all tissues, with leaf physiology measurements for longleaf
pine showing greater susceptibly to water stress than for loblolly and slash pines in
both mature trees (Samuelson et al. 2012) and seedlings (Hart et al. 2020). Compar-
ing slash and loblolly pines, the former performs better on the wettest sites (Borders
and Harrison 1989).

Studies on the effect of drought (or water availability) on wood properties in
the southern pines have focused on loblolly pine (Cregg et al. 1988; Albaugh et al.
2004; Hennessey et al. 2004; Gonzalez-Martinez et al. 2007; Gonzalez-Benecke
et al. 2010, 2015). Aside from false rings (Gonzalez-Benecke et al. 2015), drought
resulted in less latewood and lower ring SG (Hennessey et al. 2004). Ample supplies
of water, via irrigation, can result in opposite trends (Cregg et al. 1988; Gonzalez-
Benecke et al. 2010) or no impact (Albaugh et al. 2004). It should be noted that the
above-mentioned growth patterns are by no means confined to the southern pines,
with similar observations being reported in the literature of various pine and spruce
species (Bouriaud et al. 2005; Zubizarreta-Gerendiain et al. 2012; Camarero et al.
2017; Candel-Pérez et al. 2018).

Water stress and cell wall chemistry
Currently, there is only limited evidence for moisture stress impacting the chemis-

try of wood cell walls. For loblolly pine stem wood, glycome profiling was indica-
tive of changes in cell wall ultrastructure, leading to the author’s stated need for wet
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chemical analyses (Pattathil et al. 2016). Determinations of lignin contents of stems
from longleaf pine saplings exposed to normal and elevated CO, levels showed an
instance of reduced lignin contents when the saplings also were under water stress
(Runion et al. 1999). Although the most accurate wet chemical method (Klason) for
softwood lignin content (Brunow et al. 1999) was used for that study, intact stem
tissue (bark and wood together) was analyzed. Unfortunately, bark is known to
give inflated values for lignin content (Eberhardt 2012), and the results were likely
impacted by the bark quantities in the samples.

Lignin distributions/amounts in tracheids have also been assessed by various
microscopies (UV, UV fluorescence, Raman) used to observe false rings (Gindl
2001; Mayer et al. 2020) and abnormal tracheids showing collapse (Donaldson
2002; Rosner et al. 2018). In a recent study by Mayer et al. (2020), a decrease in
the cellulose to lignin ratio for a false ring could be attributed to either a decrease in
cellulose content or an increase in lignin content; assuming that an increase in lignin
content would coincide with increased resistance to tracheid collapse led to the ten-
tative conclusion that water stress resulted in increased lignification. Under condi-
tions of severe drought, Pinus radiata has been shown to have abnormal/collapsed
tracheids having decreased lignin contents (Donaldson 2002); however, the collapse
of earlywood tracheids in Picea abies under conditions of extreme drought may be a
product of tree genetics predisposing them to this wood defect (Rosner et al. 2018).

In a recent study by Frelin et al. (2017), drought stress in loblolly pine was shown
to increase transcript abundance for the gene encoding the enzyme phenylalanine
hydroxylase (PtPheH) involved in the hydroxylation of phenylalanine into tyrosine.
Aside from being a key building block in proteins, phenylalanine is metabolized
into a wide variety of phenylpropanoids, with lignin being the dominant product in
woody plants (Vogt 2010; Pascual et al. 2016; Deng and Lu 2017; Maeda 2019).
While tyrosine is consumed for lignification in some plants, especially grasses
(Schenck and Maeda 2018; Xie et al. 2018), the shunting of phenylalanine to tyros-
ine, as suggested for loblolly pine under moisture stress (Frelin et al. 2017), could
have the potential to reduce phenylalanine availability for monolignol biosynthe-
sis. Note that the transcriptional control of monolignol biosynthesis involves many
genes that can be activated by stress (Anterola et al. 2002; Wang et al. 2013). Frelin
et al. (2017) acknowledged that the pathways leading up to phenylalanine are also
likely regulated; however, their observations with loblolly pine under water stress
may reflect that reduced growth lowers the demand for lignification, and thus pheny-
lalanine would be better utilized through catabolic metabolism.

To date, studies have not used an established wet chemical method to compare
the lignin contents for mature wood formed within the same tree during periods of
ample and below normal (i.e., drought) annual moisture availability. The intriguing
results reported by Frelin et al. (2017) prompted us to glean additional data from a
set of southern pine increment cores (Eberhardt and Samuelson 2015) to give the
first direct comparisons of lignin content in mature wood growth rings using annual
Palmer Drought Severity Index (PDSI) values as a guide for moisture availability
extremes; as a meteorological index, the PDSI classifies drought conditions using
precipitation and temperature data along with soil type (Palmer 1965). In addi-
tion, since these three southern pines have different tolerances to moisture stress, it
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remained to be determined if this manifests in between-species differences in wood
chemistry.

Materials and methods
Study trees and increment core collection

Slash, longleaf, and loblolly pine trees sampled for this study were from the USDA
Forest Service’s Harrison Experimental Forest (30.65 N, 89.04 W) within the DeS-
oto National Forest, near Saucier, Mississippi, USA. Soils are well-drained, low-
nutrient, fine-sandy loams of the Poarch series and the Saucier-Susquehanna com-
plex. Average soil moisture for all three species was reported to range from 18.4
(July) to 21.4% (September), and to not differ significantly between species in any
month (Samuelson et al. 2012). The climate at the study site is temperate-humid
subtropical (Adams et al. 2004). Temperature, precipitation, and PDSI data (Figs. 1
and 2) from a nearby weather station were obtained from the National Oceanic and
Atmospheric Administration (https://www.ncdc.noaa.gov/cdo-web/). From the year
the trees were planted, until the year the increment cores were collected, the average
annual temperature varied within a two-degree range (18.6-20.8 °C). No trend was
apparent between the values for average annual temperature and annual precipita-
tion, the latter varying to the extent that the highest precipitation year (1979) had
twice the amount of rainfall (231.2 cm vs. 113.6 cm) than the lowest precipitation
year (1968).

Information on the study design and history of the trees that were sampled are
thoroughly described in Samuelson et al. (2012). Briefly, the plantations making
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Fig. 1 Annual precipitation and mean annual temperature at the study site over the years assigned for the
increment cores
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Fig.2 Palmer Drought Severity Index (PDSI) at the study site over the years assigned for the increment
cores. Bars with diagonal lines show selected +PDSI and —PDSI years corresponding to growth rings
excised from increment cores for chemical analysis

up this replicated field experiment were established in 1960 to study the genetics
and growth of slash, longleaf, and loblolly pines (Schmidtling 1973). In each of 3
blocks, 3 trees of each species were selected for physiological and chemical analy-
ses of the leaves (Samuelson et al. 2012). Increment cores (12 mm diameter) were
removed from each tree with an increment borer at breast height (1.4 m) in 2010 and
processed into X-ray densitometry specimens as described in Eberhardt and Sam-
uelson (2015); thus, there were 9 specimens per species available for the current
study. The breast-height diameter ranges for the trees were as follows: slash pine,
30.5-35.4 cm; longleaf pine, 31.1-39.1 cm; loblolly pine, 31.5-40.2 cm.

Excision of growth rings from increment cores

Processing of the increment cores into X-ray densitometry specimens involves glu-
ing them into wood core holders and the resulting dried assemblies being sawn to
obtain a constant thickness (2.3 mm) for the X-ray beam to penetrate. The adhering
wood strips remaining from the core holders after sawing serve several functions,
not limited to providing mechanical support to keep the cut increment core intact,
prevent warping, and to facilitate its positioning with the X-ray densitometer sample
holder. For the present study, the specimens had already been subjected to exhaus-
tive (i.e., Soxhlet) extraction with acetone (Eberhardt and Samuelson 2015), negat-
ing the need for organic solvent extraction prior to the chemical analyses described
below.

Using the plotted PDSI data (Fig. 2), years were selected as representing
periods of above-normal (+PDSI) and below-normal (drought, —PDSI) soil
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moisture conditions at the study site. These periods of time constituted 2 (or 3) years
with +PDSI values being paired with the same number of years with — PDSI values.
Selecting individual years was deemed impractical for collecting enough material
for wet chemical analysis. There was also the potential for tree growth/physiology
for a given year being influenced by environmental conditions carrying over from
the preceding year, such as high soil moisture from a+PDSI year still being avail-
able early in the growing season of a subsequent —PDSI year. Given that longleaf
pine needles are retained for a couple of years, Meldahl et al. (1999) suggested that
climatic conditions as far back as 2 years prior could impact current growth. Fortui-
tously, a single low positive (i.e., near normal) PDSI year was present between the
growth ring groupings selected for having high positive and low negative PDSIs,
ameliorating some of the concern of moisture carryover from a year with above-
normal moisture into a year of moderate to extreme drought.

Excluding the wood in the juvenile zone, two sampling zones were selected at two
designated ages (at 20 and 38 years) showing patterns of noticeably +PDSI years
followed by —PDSI (i.e., drought) years. For the sampling zone centered on the age
of 20 years, there were 2+ PDSI years (1978, 1979) followed by 2 —PDSI years
(1981, 1982). The growth ring for 1980 was excluded, having normal soil moisture.
Likewise, at the sampling zone centered on the age of 38 years, +PDSI years (1995,
1996, 1997) and —PDSI years (1999, 2000, 2001) were taken, excluding the growth
ring for 1998. Since growth ring widths decline from pith to bark, including one
more ring was rationalized to compensate for the narrower ring widths in the sam-
pling zone furthest from the pith. Although the PDSI in 2001 was barely negative, it
was nevertheless included with the other 2 years (1999, 2000), providing necessary
mass for the analysis of that sampling zone; it also followed a particularly negative
PSDI year with a value of —4 (extreme drought). A challenge to this study was the
ability to collect enough material for duplicate wood chemistry analyses represent-
ing +PDSI and — PDSI timeframes for each tree.

Working from the outermost growth ring (including the cambium), the growth
rings for each core were carefully counted to assign a year to each growth ring in
each sampling zone (centered at either an age of 20 or 38 years). Care was taken to
ensure that false rings were not counted as growth rings. Note that in the southern
pines, the latewood to earlywood transition between growth rings is very abrupt in
the mature wood zone (Eberhardt and Samuelson 2015); false rings are usually quite
narrow and have gradual transitions into and out of the false ring. Year assignments
were carefully marked with colored pencils to keep the excision process as straight-
forward as possible.

Dissection tools were selected depending upon the cutting operation being per-
formed; cutting/chopping operations were carried out on a polyethylene cutting
board. The preferred cutting tool was an X-ACTO knife set (Model X5285), using
a #19 blade for splitting and chopping operations, and a #11 blade for fine detailed
shaving operations. Frequent use of a Flexcut dual-sided paddle strop (Model PW16)
was used to maintain knife sharpness of the #19 blade. Wood fragments were col-
lected into pre-weighed vials using forceps or by brushing onto glassine paper. A
Zerostat 3 anti-static device proved to be quite useful for the collection of smaller
wood particles having a static charge.
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Processing of an increment core proceeded by carefully removing one of the sup-
port strips of wood by working along the glue line with the #19 blade. Each sam-
pling zone was then excised by splitting the increment core into 2- or 3-ring seg-
ments. Any glue adhering to the growth rings was removed by cutting with the #19
blade. A hand lens (10x) was used to carefully inspect each wood fragment to ensure
that the glue was completely removed. In cases where a small amount of wood from
an excluded growth ring needed to be removed, or a small amount of a selected
growth ring needed to be collected, the #11 blade was used. All wood samples from
each growth ring grouping were weighed and then pooled to give a single +PDSI
wood sample and a single — PDSI wood sample for each increment core; all pooled
wood samples were finely chopped (approximately 20 mesh) for chemical analysis.

Lignin and polysaccharide sugar determinations

Lignin contents and polysaccharide sugar contents of the dry extractive-free wood
particles were determined by established methods (Effland 1977; Davis 1998).
Briefly, the wood particles were hydrolyzed in 72% sulfuric acid (w/w, 1 h, 30 °C)
with the mixture then diluted with distilled water to obtain a sulfuric acid concen-
tration of 4% (w/w). After autoclaving (1 h, 120 °C), and cooling, the acid-insolu-
ble (Klason) lignin was collected using a glass fiber filter (Whatman 934-AH) in a
Gooch crucible, dried (103 +2 °C), and weighed to obtain the value for lignin con-
tent. An aliquot of the filtrate was filtered through a 0.45 pm Teflon syringe filter
and analyzed directly for polysaccharide sugars (arabinose, galactose, glucose, man-
nose, xylose) by anion-exchange high performance liquid chromatography using the
method by Davis (1998). Paired t-tests were carried out in SAS using the MEANS
procedure and the power of those tests determined using the POWER procedure
(SAS version 9.1; SAS Institute Inc., Cary, N.C.). Regression analyses were carried
out using MS Excel.

Results and discussion
Sample weights from growth ring excisions

Calculations based on previously reported wood SG values (Eberhardt and Samu-
elson 2015), and rough estimates of the volumes of wood in the selected growth
rings of representative increment cores, indicated that sufficient wood mass could
be obtained to represent+ PDSI and —PDSI wood from each increment core for wet
chemical analysis. The weights of recovered material for each growth ring group-
ing and species are shown in Table 1. Paired #-tests showed no significant differ-
ences for comparisons of the + PDSI and — PDSI mass values within any of the sam-
pling zones (e.g., years 1978-1979 vs. 1981-1982). The ratio of +PDSI material
(by mass) over —PDSI material was the highest for slash pine (1.31) and the lowest
for loblolly pine (1.08) for the less mature wood (years 1978—1979 and 1981-1982).
The higher weight of wood for the + PDSI samples was expected given the likelihood
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of wider growth rings in years with ample precipitation relative to those from years
of drought. For example, in mature loblolly pine, growth ring widths were shown to
increase with growing-season precipitation over the most recent 40 years of growth
(Graham et al. 2012). Curiously, a reversed trend by species was observed for the
more mature wood (years 1995-1998 and 1999-2001), with the + PDSI/—PDSI ratio
being the highest for loblolly pine (1.24) and the lowest for slash pine (0.99).

The total amounts of wood produced in+PDSI years were seemingly 20%
higher for longleaf pine and 10% higher for slash and loblolly pines. Note again that
paired r-tests of sample weights from each tree showed no significant differences
between the +PDSI and —PDSI values for either of the two sampling timeframes
(1978-1982, 1995-2001). Reduced ring widths from drought can be accompanied
by lower wood densities for various hard pines (Hennessey et al. 2004; Candel-Pérez
et al. 2018). Since such reductions in wood density are relatively small, it is unlikely
that the absence of significant differences in mass between +PDSI and — PDSI sam-
ple weights resulted from offsetting reductions of mass from lower wood densities.

Determinations of lignin content

The results from the wet chemical analysis for the lignin content of +PDSI and
—PDSI wood samples for each pine species are shown in Table 2. To account for
the known tree-to-tree variability in lignin content (Via et al. 2007; Aspinwall et al.
2010), paired z-tests were used to test for significant differences between the +PDSI
and —PDSI wood samples. For slash pine, the lignin content of the +PDSI wood
(34.1%) was significantly higher (P = 0.0005) than for the — PDSI wood (31.4%).
Despite the limited sample size per species, that being 9 increment cores each, the
power of the hypothesis test was very high at 0.998, thus giving a high probability
that the current assessment of a significant lignin content difference for the slash
pine samples is correct. Significant differences were not observed for either longleaf
pine (32.2% vs. 31.2%; P=0.0510) or loblolly pine (30.0% vs. 30.0%; P=0.9672).
In the case of the former result for longleaf pine, the probability value barely
exceeded the threshold for significance (@ =0.05). Since the power of this test was
determined to be 0.523, there is a nearly equal probability of falsely accepting that
there is no lignin content difference when there actually is a difference. Unfortu-
nately, the study was constrained by the number of trees sampled, and the limited
amounts of recoverable wood from growth rings assigned to+PDSI and —PDSI
years. Even if the two sampling zones (centered at ages of 20 and 38 years) had not
been pooled by PDSI designation, the number of independent samples would not
have changed for each species.

The lignin data reported here for slash pine support the findings of a limited num-
ber of studies in which lower levels of lignification seemingly occurring in hard
pines grown under moisture stress. Prior studies with loblolly pine have provided
indirect evidence for the lignin content to be altered by drought stress (Pattathil et al.
2016; Frelin et al. 2017); it should be noted that Pattathil et al. (2016) stated that wet
chemical analyses were needed to support their findings by glycome profiling. To
date, we have found only one other study (Runion et al. 1999) in which the effect of
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drought stress on lignin content was determined using the acid-insoluble (Klason)
lignin method.

Results obtained by Runion et al. (1999) showed a significantly lower lignin con-
tent in longleaf pine seedlings grown under water stress and an elevated level of CO,
(720 vs. 365 pmol CO, mol™!); their results, reported as lignin carbon fractions (mg
fraction g~! tissue), were 141.4 for the treatment (elevated CO, and water stress)
and 182.6 for the control (elevated CO, and no water stress). Although the value
under the conditions of water stress and an ambient level of CO, (166.8 mg frac-
tion g~! tissue) was seemingly lower than the ambient CO, control without water
stress (182.6 mg fraction g~! tissue), the difference was not statistically significant.
Since the sapling stem tissue used by Runion et al. (1999) was not partitioned to
remove the bark from the wood, their results do not provide a direct observation of
reduced lignification in wood from trees growing under water stress. To the best of
the authors™ knowledge, the present results with slash pine represent the first direct
(wet chemical) observation of different moisture conditions (+PDSI vs. —PDSI)
resulting in wood formed with different lignin contents in the same trees, aside from
reduced lignification for wood formed in a conifer during a period of drought.

Analysis of polysaccharide sugars

The acid hydrolysis of wood by the Klason method yields the lignin as acid-insol-
uble particles that are collected by filtration, dried, and quantified gravimetrically.
The resultant hydrolysate contains the polysaccharide sugars that are analyzed by
liquid chromatography. The hydrolysis of cellulose, the most abundant of the cell
wall polysaccharides, affords glucan as the most abundant sugar in wood. Given that
the determinations of lignin and the polysaccharide sugars are based on the weight
of extractive-free wood, higher values for lignin content would be offset by lower
values for glucan content. Recently, Mayer et al. (2020) used two Raman signals
(380 cm™! and 1600 cm™") as proxies for cellulose and lignin to report a seemingly
lower cellulose to lignin ratio in false rings of Abies alba. A relative increase in
lignin content was assumed, as opposed to a relative decrease in cellulose content,
using the rationale of false ring tracheids needing higher lignin contents to prevent
collapse when under water stress.

The relationship we found for slash pine was the inverse, with the condition of
drought (—PDSI) giving wood with a lower lignin content and a higher glucan
content (40.6% vs. 36.9%; P=0.0010). Since efforts to modify the chemical com-
position of wood have largely focused on presumed plasticity for lignin biosynthe-
sis (Anterola and Lewis 2002; Novaes et al. 2010; Deng and Lu 2017; Xie et al.
2018; Vanholme et al. 2019), a drought induced reduction in lignin content relative
to static polysaccharide contents can be rationalized. Indeed, the findings of Fre-
lin et al. (2017) with loblolly pine, showing the upregulation of a gene (PtPheH)
involved in tyrosine biosynthesis, and in the homogentisate pathway, suggests plas-
ticity in cell wall chemistry in response to drought rests with lignin biosynthesis;
however, Hori et al. (2020) recently employed an alternative strategy to improve the
enzymatic saccharification of poplar wood, not by downregulating lignin genes, but
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upregulating cellulose synthase genes. While concurrent plasticity in the biosynthe-
sis of the cell wall polysaccharides in response to drought is plausible, we have not
found any studies in the literature to support this as an alternative explanation for the
present results.

Simple regression analyses were carried out to screen for any data trends between
the + PDSI and —PDSI lignin contents for a given species, or between the lignin
and sugar contents (or between two different sugar contents) within a PDSI group-
ing for a given species. None of the lignin content plots gave a coefficient of deter-
mination indicating that the +PDSI lignin content values for a species increased
(or decreased) with the —PDSI lignin content values. Plotting the lignin contents
against the glucan contents gave a negative relationship (R>=0.81) for the — PDSI
samples from slash pine (Fig. 3). For the —PDSI samples from loblolly pine, lignin
content increased with glucan content (R*=0.43). By removing one data point
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Fig. 3 Regression analyses of percentage lignin against percentage glucan for — PDSI wood excised from
slash and loblolly pine increment cores
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(lignin=36.7%, glucan=36.1%) that was obviously driving the stronger relationship
for slash pine, the coefficient of determination was low (R2=O.36). Altogether, the
regression analyses suggest that for a given species and PDSI grouping, the lignin
and glucan contents for individual samples are not directly offsetting values.

The hemicelluloses in the southern pines also contribute to the values for glu-
can, albeit to a minor level compared to the cellulose. Galactoglucomannans are the
predominant hemicelluloses in softwoods, comprised of a backbone of glucan and
mannan with branches containing galactan (Jones and Painter 1957, 1959; Rowell
et al. 2013). The mannan content for slash pine was significantly higher (11.7% vs.
10.4%; P=0.0010) for the —PDSI samples (Table 2). The other significant differ-
ences for individual sugars were observed for longleaf pine, having lower mannan
(10.8% vs. 11.3%; P=0.0494) and xylan (5.1% vs. 5.6%; P=0.0026) for the — PDSI
samples, the latter derived from another group of softwood hemicelluloses, the arab-
inoglucuronoxylans. Screening for relationships by simple linear regression showed
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Fig.4 Regression analyses of percentages of mannan or xylan against percentage glucan for —PDSI
wood excised from longleaf pine increment cores
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only a couple of trends with the corresponding longleaf pine — PDSI samples, those
being mannan contents increasing with increasing glucan contents, and xylan con-
tents decreasing with increasing glucan contents (Fig. 4). It is well beyond the scope
of this study to unravel the potentially interconnected impacts of water stress on all
cell wall polymer components; however, the regression analyses illustrate the poten-
tial for the biosyntheses of different hemicelluloses to respond differently to vari-
ous growth conditions, among these being moisture stress, thus warranting further
investigation.

While lignin and sugar analyses can be used to discern differences in wood chem-
istry between treatments (Tuskan et al. 1999; Jones et al. 2006; Rajan et al. 2020),
it is acknowledged that they do not have the capacity to detect the upregulation of
specific monomers or polymers, especially the hemicelluloses. Another caveat with
the data presented here is that the cell wall chemistry is known to vary between ear-
lywood and latewood within a growth ring, radially from pith to bark, and vertically
in a tree at similar distances from the pith. Nevertheless, this study is the first of its
kind to attempt the time-consuming task of collecting wood from specific growth
rings of mature trees and comparing the actual polymeric (lignin) and monomeric
(polysaccharide sugars) components to assess the impacts of moisture stress on the
chemical composition of pine wood.

Southern pine drought resistance

Among the southern pines, longleaf pine is better suited to drier sites (Lantz 1987;
Landers 1991) and is more drought resistant than slash and loblolly pines (Samuel-
son et al. 2012; Hart et al. 2020). Through fire suppression and widespread planting,
loblolly and slash pines are no longer relegated to wetter sites, especially very wet
sites where slash pine outperforms loblolly pine (Borders and Harrison 1989). The
primary objective of the current study was to determine if any diversion of phenyla-
lanine away from lignification during drought conditions, as suggested by the results
of Frelin et al. (2017) for loblolly pine, could be detected by wet chemical analysis
of the wood from any of the three southern pine species. It is particularly intriguing
that the only difference in lignin content between periods of above- (+PDSI) and
below-normal (—PDSI) soil moisture conditions was with slash pine, the species
least suited for dry sites.

Prior leaf physiology assessments of the same trees used here did not support the
contention of longleaf pine being better adapted to conserve water use (Samuelson
et al. 2012). Longleaf pine drought tolerance was thereby attributed to aspects of its
hydraulic conductivity (architecture/efficiency) that may be better suited to conditions
of reduced moisture availability. By extension, it appears that slash pine does not have
the same hydraulic conductivity attributes as longleaf pine and therefore may be sub-
ject to mechanisms to respond to moisture stress that extend back to the biosynthesis
of lignin. Under normal (i.e., not drought) conditions, the mean lignin content of the
slash pine samples was significantly higher (s-test, P<0.0001) than that for the lon-
gleaf pine samples. It is plausible that the higher lignin content for slash pine could
offset anatomical features imparting less efficient hydraulic conductivities. Moreover,
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under drought conditions, the detected reduction in lignin content may be a product of
reduced tree growth redirecting carbon away from lignin and toward the homogentisate
pathway (Frelin et al. 2017), presumably as a reallocation of carbon resources to meta-
bolic functions better served to endure a state of water stress.

Conclusion

Lower weights of wood recovered from —PDSI growth rings than that for+PDSI
growth rings can be attributed to a relative reduction in growth during years with
drought conditions. The higher lignin content (34.1%) of the+PDSI slash pine wood,
relative to that for the corresponding —PDSI wood (31.4%), coincided with lower glu-
can and mannan contents. These results represent the first data for differences in lignin
and polysaccharide sugars for mature wood formed during periods of ample moisture
or drought. Among the three southern pines, slash pine is best suited to wet sites. The
reduced lignin content for the —PDSI wood is attributed to this species’ higher suscep-
tibly to drought. While these results suggest plasticity in cell wall chemistry in response
to drought rests with lignin biosynthesis, concurrent plasticity in the biosynthesis of
the cell wall polysaccharides cannot be excluded; the differences for the polysaccharide
sugar contents illustrate the potential for the hemicellulosic biosynthetic processes to
vary as a response to moisture stress.
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