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Starch and lipid storage strategies in tropical trees relate to
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Introduction

In trees, non-structural carbon (NSC) stored mainly in the form
of starch, soluble sugars and lipids can be remobilized during
periods of carbon limitation to support tree metabolism (Chapin
et al., 1990; Hoch et al., 2003; Begum er al, 2010). Storage
remobilization can occur on different timescales and may allow
trees to grow, respire and build defence compounds during the
night (Sulpice ez al., 2009; Tixier ez al., 2018). It can also support
metabolism during seasonal or occasional stressful conditions
that limit carbon assimilation, such as drought, floods or physical
damage (McDowell ez al., 2008; Hartmann & Trumbore, 2016).
Thus, tree growth and survival under these limiting conditions
may be linked to the amount of stored reserves and the capacity
to remobilize storage (Sala er al, 2012). Tree survival during

Summary

¢ Non-structural carbon (NSC) storage (i.e. starch, soluble sugras and lipids) in tree stems play
important roles in metabolism and growth. Their spatial distribution in wood may explain
species-specific differences in carbon storage dynamics, growth and survival. However, quan-
titative information on the spatial distribution of starch and lipids in wood is sparse due to
methodological limitations.

e Here we assessed differences in wood NSC and lipid storage between tropical tree species
with different growth and mortality rates and contrasting functional types. We measured
starch and soluble sugars in wood cores up to 4 cm deep into the stem using standard chemi-
cal quantification methods and histological slices stained with Lugol's iodine. We also detected
neutral lipids using histological slices stained with Oil-Red-O.

¢ The histological method allowed us to group individuals into two categories according to
their starch storage strategy: fiber-storing trees and parenchyma-storing trees. The first group
had a bigger starch pool, slower growth and lower mortality rates than the second group.
Lipid storage was found in wood parenchyma in five species and was related to low mortality
rates.

e The quantification of the spatial distribution of starch and lipids in wood improves our
understanding of NSC dynamics in trees and reveals additional dimensions of tree growth and
survival strategies.

drought has already been linked to storage content in seedlings of
tropical trees (O’Brien er al, 2014, 2020). Nevertheless, these
links are not well understood in adult tropical trees, principally
due to the following factors: first, the influence of other tree traits
such as xylem vulnerability to embolism, rooting depth or wood
density on plant survival (McDowell ez al., 2008; Johnson ez al.,
2012; Rowland et al, 2015; Boonman et al., 2020; Borghett
et al., 2020); and, second, lack of understanding of NSC storage
regulation (Dickman et al., 2019).

In addition to providing carbon reserves during periods of
low carbon supply from photosynthesis, NSC also plays other
important roles in trees. For instance, starch synthesis and degra-
dation are key factors in the regulation of water potential in
plant dssues to avoid cell desiccation and cavitation in the
xylem, and to remove embolisms following cavitation (Salleo
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et al, 2009; Lintunen et al, 2016; Savi et al, 2016). Starch
metabolism also serves as a regulator of processes that control
plant growth, defense and development (Sulpice ez al, 2009;
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Smirnova ez al., 2015). Non-structural carbon content in plant
tissues represents both an indicator of the status of a tree’s car-
bon balance and a predictor of biomass growth and other
metabolic traits (Sulpice et al, 2009; Gérard & Bréda, 2014).
Thus, its precise localization and quantification may mirror a
tree’s overall metabolic strategy.

Starch is stored in semi-crystalline grains in the plastid stroma
of living cells in all tree organs (e.g. leaves, stems and roots). In
wood, starch is generally synthesized and stored in the plastids
of living parenchyma cells (Spicer, 2014; Plavcovd & Jansen,
2015; von Arx et al., 2017; Tixier ez al., 2018), but living fibers
may also store important amounts of starch (Carlquist, 2013,
2015; Plavcovd er al., 2016). However, the role of living fibers
in tree storage dynamics remains unexplored. Living fiber cells
originate from the fusiform cambial initials and keep their pro-
toplasts alive from one to several years after maturation (Fahn &
Arnon, 1963; Yamada ez al, 2011; Carlquist, 2013, 2015). In
comparison with axial parenchyma, these fibers are not subdi-
vided into strands, are usually septated, have thicker cell walls,
and have fewer and smaller pits that reduce their intercellular
communication and may slow down the remobilization of
hydrolyzed starch (Carlquist, 2013, 2015). If present, living
fibers may play an important role in carbon storage dynamics of
trees. For instance, higher allocation of starch to living fibers
may increase storage capacity due to the high volume of fibers in
wood, but it may slow down its remobilization due to their
reduced intercellular communication. Exclusive storage in
parenchyma cells may limit total storage capacity, but starch
hydrolysis and remobilization may be easier and faster to export
to neighboring cells, probably due to the high number of large
pits of parenchyma cells. Consequently, these anatomical con-
straints on NSC storage and remobilization may also affect the
growth and survival of plants. Despite the fact that the occur-
rence of living fibers has been reported for several tree species
(Carlquist, 2013, 2015; Plavcovd et al., 2016), their presence in
tropical trees and their role in NSC storage and remobilization
dynamics remain to be investigated.

Woody organs constitute potentially the largest long-term
reservoir of starch in trees (Wiirth ez 4/, 2005; Chesney &
Vasquez, 2007; Furze ez al., 2018, 2019; O’Brien ¢t al., 2020). In
general, starch concentration is highest in the youngest wood,
close to the phloem, and decreases radially towards the pith
(Saranpidi & Holl, 1989; Hoch er al, 2003; Gérard & Bréda,
2014). However, this pattern is highly variable among species —
some may store starch in deeper wood layers or in higher concen-
trations than other species (Wiirth er 4, 2005; Furze et al,
2020). In coarse roots, which are woody organs, the storage size
seems to be a better predictor of tree survival than the NSC con-
centrations alone (Wiley ez al, 2019). This may be also the case
for other woody organs such as stems and branches. Therefore,
accounting for the spatial distribution of storage compounds in
the stem wood would improve the estimation of NSC-pool size,
our understanding of storage dynamics in adult trees, and our
understanding of tree growth and survival.

In addition to starch, neutral lipids also play a major role as
storage compounds in some tree species and can thus be
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important for maintaining the carbon balance and important
metabolic functions (Schneider et al., 2003; Begum et al., 20105
Fischer et al., 2015; Welte & Gould, 2017). Based on the abun-
dance of lipids in wood, trees have been classified into two groups
of storage strategy: fat storing trees (abundant lipid storage) and
starch storing trees (scarce lipid storage) (Hillinger er al., 1996;
Hoch et al, 2003; Hartmann & Trumbore, 2016). However,
lipid content has been studied in only a few temperate species
because of difficulties related to its quantification and detection
(Hosll & Poschenrieder, 1975; Fischer & Holl, 1991; Hoch ez al,
2003). Considering the high abundance of parenchyma tissue
and low concentrations of starch in tropical trees (Plavcova ez al.,
2016), one would expect that lipids may play an important role
in the long-term carbon storage for these tree species; however,
the spatial distribution of lipid pools has been described for only
a few species (Datta & Kumar, 1987; Nobuchi ez 2/, 1996). This
greatly limits our understanding of storage strategies in trees, and
can also lead to underestimations of the carbon storage pool size
in trees and forests.

Quantification of the spatial distribution of storage com-
pounds using the available analytical methods is challenging.
Recently, standard methods have been proposed to reduce ana-
lytical errors and produce consistent NSC measurements across
laboratories (Landhiusser ez «l, 2018). However, these wet
chemistry approaches quantify NSC in the bulk wood mass,
irrespective of the spatial distribution or wood cell types in
which NSC are actually stored. By contrast, approaches such as
micro computerized tomography (Earles ez 4/, 2018) and
histological techniques on wood anatomy in combination with
image analysis (Begum e al., 2010; Czemmel et al., 2015) offer
a great opportunity to quantify the spatial distribution of storage
compounds and concentration gradients across different wood
cell types.

In this paper we address the following question: what are the
differences in wood storage traits between tropical trees with con-
trasting life history traits? To do this, we compared a selected
group of evergreen and semi-deciduous trees with different
growth and mortality rates. In particular, we hypothesize the fol-
lowing: first, trees from fast-growing, short-lived species store
starch mainly in parenchyma cells and have lower NSC concen-
trations, serving as a short-term buffer against diel and intrasea-
sonal carbon shortages; second, by contrast, trees from slow-
growing, long-lived species store a high proportion of starch in
living fibers in the wood, as they store more NSC for supporting
metabolism and growth during extreme carbon shortages. To test
these hypotheses, we used histological and chemical methods to
quantify the starch content and spatial distribution in the wood
of mature trees, and to assess both presence and localization of
starch and lipids in different wood cell types.

Materials and Methods

Study site and plant material

This study was conducted at a seasonally dry forest in the transi-
tion zone between Amazon rainforests and Cerrado in central
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Table 1 Descriptions of the samples.
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Mort. No.  No. No.

Storage Growth rate rate Functional No.ind. ind. samp. samp
Species name Family Order Clades strategy (cm yr”) (% yr’1) type (HPAE) (Hist) (HPAE) (Hist)
Ocotea Lauraceae Laurales Magnoliids Parenchyma 0.17 5.7 Evergreen 5 4 10 7
leucoxylon
(Sw.) Laness
Ocotea Lauraceae Laurales Magnoliids Parenchyma 0.22 4.1 Evergreen 5 3 10 6
guianensis
Aubl.
Sacoglottis Humiriaceae ~ Malpighiales Eudicots(core Parenchyma 0.29 5 Semi- 5 3 10 5
guianensis eudicots(rosids deciduous
Benth. (fabids)))
Schefflera Araliaceae Apiales Eudicots(core Parenchyma 0.60 1.9 Semi- 5 0 10 0
morototoni eudicots deciduous
(Aubl.) (asterids
Maguire, Stey- (campanulids)))
erm & Frodin
Vochysia Vochysiaceae  Myrtales Eudicots(core Parenchyma 0.81 31 Semi- 5 3 10 5
vismiifolia Spr. eudicots(rosids deciduous
Ex Warm. (malvids)))
Dacryodes Burseraceae  Sapindales  Eudicots(core Fibers 0.10 1.6 Semi- 5 2 10 2
microcarpa eudicots(rosids deciduous
Cuart. (malvids)))
Tapirira Anacardiaceae Sapindales  Eudicots(core Fibers 0.25 25 Semi- 5 3 10 5
guianenesis eudicots(rosids deciduous
Aubl. (malvids)))
Trattinnickia Burseraceae  Sapindales  Eudicots(core Fibers 0.21 1.0 Evergreen 5 1 10 2
burserifolia eudicots(rosids
Mart. (malvids)))
Trattinnickia Burseraceae Sapindales  Eudicots(core Fibers 0.06 1.7 Evergreen 5 2 10 4

eudicots(rosids
(malvids)))

glaziovii Swart.

The number of samples per species considers the two wood depths analyzed, from 0 to 2 cm and from 2 to 4 cm deep, in the wood. The number of
samples differs between the two quantification methods because of the loss of samples due to processing problems or fungus infection. Hist., histological
quantification method; HPAE, high-performance anion exchange chromatography with pulsed amperometric detection quantification method; Mort. rate,
mortality rate; No. ind., number of individuals per species used for quantification; No. samp., number of samples per species used for quantification.

Brazil (Table 1), at the Tanguro Ranch in the state of Mato
Grosso (lat 13°4’ 35.39”S, long 52°23’ 8.85"W). We sampled
individuals from nine dominant tree species within a 50 ha plot
that served as a control in the fire frequency experiment described
in Balch er al, (2008), and where species-specific growth and
mortality rates were measured. The region has mean annual tem-
perature and precipitation values of 25°C and 1770 mm, respec-
tively (Rocha ez al.,, 2014). A marked dry season occurs between
the months of May and August with rainfall of < 10 mm
month™ (Rocha ez 4/, 2014).

We collected samples during the rainy season (in January
2018). From each tree species, we chose mature, dominant, and
healthy trees with a diameter at breast height (1.3 m, dbh) larger
than 20 cm (Table 1). Within this group of individuals we chose
five random trees per species. We selected species of two contrast-
ing functional types (evergreen and semi-deciduous) and with
different growth and mortality rates for comparison of starch and
lipid concentrations in stem wood (Table 1). Additionally, we
resampled the same trees in July 2018, during the dry season, to
identify the starch location in the wood, although no quantifica-
tion of NSC was done on these samples.

© 2021 The Authors
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Growth and mortality rates

Annual growth and mortality rates for each species were calcu-
lated based on forest inventories conducted between 2004 and
2018 (Balch et 4l, 2011; Brando ez 4l., 2019; Table 1). All trees
with dbh > 40 cm were measured. Nested sub-samplings over
transects of 500 X 20 m were done to sample smaller trees and
lianas with dbh > 1cm (see Balch ef 2/, 2011 for details). To esti-
mate mortality and growth rates, dbh and mortality data were
recorded annually between 2004 and 2010 and every 2 yr from
2012 to 2018 (Balch ez 4/, 2011; Brando et 4/, 2019). Mortality
was estimated by applying a 0-5 categorical scale for assessing
aboveground tissue: 0 corresponded to no visible aboveground
live tissue, and 5 corresponded to 100% of all visible above
ground tissue alive. Most of the species selected had > 100 indi-
viduals when the inventories started in 2004, with only three
exceptions: Schefflera morototoni (Aubl.), Dacryodes microcarpa
Cuart. and Vochysia vismiifolia Spr. Ex Warm. had 18, 62, and
45 individuals, respectively (Balch ez 4/, 2011). Annual growth
rates were estimated for each species from changes in dbh for all
individuals with dbh > 20 cm (Brando ez 4/, 2019). We used
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the median of the growth rates as an estimate of the annual
growth rate for each species.

Sampling procedure

From each individual tree, we extracted two wood cores (5 mm
diameter and 6 cm long) from bark to pith using an increment
borer (Supporting Information Methods S1). The increment
cores were taken at the same height (1.3 m), 5 cm apart from
each other (horizontally). The cores were placed in ice immedi-
ately after collection and frozen at —18°C within 2 h. They were
kept frozen until it was possible to dry them in an oven at 60°C
for 2 d. Before placing them in the oven, the cores were
microwaved for 3 min at 500 W (Landhiusser ez 2/, 2018). We
used one of the two cores for quantifying starch and soluble sug-
ars with chemical extraction and ion chromatography (IC),
employing high-performance anion exchange chromatography
with pulsed amperometric detection (HPAE-PAD, Dionex ICS-
3000 with CarboPac columns, Dionex, CA, USA). We followed
the specifications outlined in an earlier article (see Protocol S3 in
Landhiusser et al., 2018). We used the second core to visualize
and quantify starch and lipids in histological slides of the cross-
sectional area of the wood. Each increment core was divided into
two sections to account for the concentration of starch in incre-
ments of 2 c¢m starting at the cambium (two depth ranges: 0-2
and 24 cm).

Extraction and quantification of soluble sugars and starch

The 2-cm long core sections were ground to a fine powder using
a ball mill (MM 400, Retsch, Haan, Germany) at 25 Hz for 30 s.
We extracted the soluble sugars from each sample following a
previously described method (Protocol S1 in Landhiusser ez 4f,
2018). We dried 50 mg of wood powder at 60°C overnight. Dry
samples were boiled in 1.5 ml of 80% ethanol for 10 min at
90°C. After cooling to room temperature, the samples were cen-
trifuged at 13 000 gfor 2 min. The supernatant was recovered in
a new vial and stored frozen for posterior quantification of sol-
uble sugars. Before measurement, the supernatant was diluted,
filtered, and then used for measuring three specific sugars (su-
crose, fructose and glucose) by HPAE-PAD. For quality control
we used blanks and standard solutions with known concentra-
tions of glucose, fructose and sucrose, as described previously (see
Protocol S3 in Landhiusser et 4/, 2018). The measurement of
each sugar was reported in units of mg 17", and then transformed
to percentage (w/w) of soluble sugars as:

([glucose] + [fructose] + [sucrose]) - 1.05 - V eyerace - df
W -10°

%sugar =

where [glucose], [fructose] and [sucrose] are the concentration of
cach soluble sugar in mg 17", respectively, and obtained from the
HPAE-PAD; V ¢yrace is the volume of ethanol-water in ml used
for the extraction, df is the dilution factor used for each particular
sample, Wis the dry weight of the sample in mg, and 1.05 is a
correction factor (Landhiusser et 2/, 2018).
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For starch quantification, in the remaining pellet, two addi-
tional soluble sugar extractions were performed as described here,
each time discarding the supernatant to remove any remaining
soluble compounds that may interfere with the quantification.
The pellet then was dried overnight at 60°C to remove residual
ethanol. We used the enzymatic digestion method described in
an earlier study (see Protocol S2 in Landhiusser ez al., 2018) to
extract the starch. We converted starch into soluble oligosaccha-
rides by adding 1 ml of a-amylase (600 units ml™") from Bacillus
licheniformis (cat. no. A4551; Sigma) to the dry pellet. Samples
were incubated in an orbital shaker for 1 h at 85°C. Then the
samples were left to cool down to room temperature and cen-
trifuged at 13 000 g for 3 min. The supernatant was transferred
to a new 2 ml screw-cap microcentrifuge tube. The oligosaccha-
rides in the supernatant were hydrolysed into glucose by adding
0.5 ml of amyloglucosidase solution (12 units ml™") followed by
incubation at 55°C for 30 min. Afterwards, enzymes were pre-
cipitated from the solution with chloroform. The remaining solu-
tion was diluted by a factor of 10 (i.e. 1: 10 dilution) with
distilled water and filtered to further clean it. The glucose in the
solution was then measured by HPAE-PAD and recorded in
units of mg 17", Here we used the glucose standard solutions for
quality control. These values were transformed to percentage of
starch (i.e. grams of starch per 100 g of dry wood (gdw) as fol-

lows:

[glucose] - Vgiarch
= -0.9-100
W -103 ? %

Yostarch =
where Ve s the volume of the solution used for the extraction
and 0.9 is a correction factor for mass gain during hydrolysis
(Landhiusser et al., 2018).

Histological visualization and quantification of starch

Each 2-cm long section from the second increment core was sliced
perpendicularly to the axial oriented fibers using an electronic
rotatory microtome (HM 340E; Thermo Fisher Scientific,
Waltham, MA, USA). We took 30 pm thick histological slices,
following the guidelines given by von Arx et a/. (2016), aiming to
obtain a slice of even thickness (Methods S1). The slices were
mounted on a glass slide with glycerol, covered with Lugol’s
iodine solution for 3 min to stain starch grains, and finally covered
with a glass plate. The stained samples were photographed using
an optical digital microscope with a large depth-of-field (VHX-
6000; Keyence, Itasca, IL, USA) within 3 h. Despite the fact that
the sample handling and storage processes were treated with the
utmost care, fungus contamination prevented us from using the
histological method to quantify starch in all individuals of
S. morototoniand in some individuals of other species (Table 1).
Panoramic images of the sample were taken at X300 magnifi-
cation, with both stereo and background illumination at high
light intensity to maximize the contrast between the stained
starch granules and the surrounding tissue. We used a large depth
of field to focus on all objects at different depths in the sample.
These images allowed us to identify and distinguish among wood

© 2021 The Authors
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tissues (parenchyma, fibers and vessels), determine the area of
each tissue type, and locate and determine the area covered by
starch grains (starch coverage) within each dissue type (Fig. 1 left
panel). This analysis also allowed us to identify the starch storage
location in wood, and to characterize species by the cell types they
used for starch storage in wood.

We quantified the percentage of starch in the samples by mea-
suring repeatedly the areal percentage of starch coverage in 1
mm” squares across the surface of the wood sections using IMAGE]
(Schneider ez al., 2012). We divided the images into radial incre-
ments of 5 mm from bark to pith to achieve better precision in
quantifying the radial distribution of starch in the stem-wood.
While doing so, we also eliminated artifacts from the images that
may have interfered with the quantification (Fig. 1, left panel).
After having prepared the images, we ran an automatic script for
identifying and quantifying starch grains in multiple 1-mm®
regions of interest (ROI), randomly selected from across the
images (Methods S2). After identifying all the starch grains in an
ROI, the script measures the percentage of the surface covered by
starch (Fig. 1, right panel). We measured 50 ROIs in each image
of 5 mm of the stem increment core. We used the average of
these 50 ROI measurements as an estimate of the starch percent-
age for each of the 5 mm sections of the increment core. We esti-
mated the starch percentage in each 2-cm long section by taking
the average of the percentage of the surface covered by starch in
all the ROIs from the corresponding images. These measure-
ments were our sample replicates for the validation of this quan-
tification method with the HPAE-PAD.

Furthermore, we made manual measurements of the starch
percentage in the fractional area of each wood tissue (fibers and
parenchyma). For this, we outlined manually the cell type areas
in the images of wood samples and generated new images corre-
sponding to each wood-cell type: fibers, parenchyma and vessels.
We then measured the amount of starch in each wood-cell type
applying the same algorithm described in the previous section to
each of the newly generated images. We did this only in one indi-
vidual per species and only in the first 2 cm of the wood core.
These measurements were used as reference values for the relative
amount of starch stored per tissue type in each species.

Staining of neutral lipids

We used Oil Red O (ORO) staining on wood histological slices to
detect neutral lipid droplets in wood following the protocol
described in Mehlem ez al. (2013). We prepared the ORO stock
solution, adding 2.5 g of ORO to 400 ml of 99% (v/v) isopropyl
alcohol and mixing the solution for 2 h at room temperature. From
the stock solution, we prepared an ORO working solution, adding
1.5 parts ORO stock solution to 1 part distilled water, shaking it
for 5 min, letting it stand for 10 min at room temperature, and fil-
tering it through a 45 pm filter to remove the precipitates.

From each 2-cm long section of the second core, we cut a new
histological slice subsequent to the one taken for starch measure-
ments, following the same guidelines described in the previous
section. The histological slices were washed with distilled water
and then placed in a Petri dish. Next, 1 or 2 ml of ORO working

© 2021 The Authors
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solution was added to completely cover the samples. We fixed a
lid onto the Petri dish to avoid drying of the ORO solution, and
let the sample incubate for 30 min at room temperature. Samples
were then rinsed with distilled water for ¢. 30 min, mounted on
the slides using water as a mounting medium, and placed under a
coverslip. Pictures were taken within 1 h, before the water dried
out and the ORO started to precipitate. The samples were pho-
tographed using the optical digital microscope at X500 magnifi-
cation. We did not quantify the neutral lipid content based on
these images due to its lack of comparability with the starch
quantification and the lack of a calibration method. However,
these images allowed us to demonstrate whether or not the
species contained lipids, to detect where the lipids were stored in
the xylem, and to investigate whether lipids contribute to the
storage pool in our trees.

Statistical analysis

To validate the histological method with HPAE-PAD we ran a
simple linear model between the two measurements of starch
concentration, the percentage of starch per unit mass (from the
HPAE-PAD quantification) as the independent variable, and the
percentage of starch per unit area (obtained from the histological
samples) as the dependent variable. The data met all the statistical
requirements, such as normal distribution of the residuals and
homoscedasticity. We also tested the effect of the species and
depth range on the slope and the intercept of the linear model
using ANCOVA. This model allowed us to scale the measure-
ments from the histological method to the units that the HPAE-
PAD quantification reports. In addition, we ran permutation
tests to evaluate with 95% confidence whether the slope of the
linear model was different from zero, and if the means of the two
quantification methods differed from each other.

To evaluate the relationship between the starch storage loca-
tion observed in the histological images and the functional types
of our tree species, we used a Fisher’s exact test. For comparing
the growth and mortality rates between the starch storage loca-
tion we used a Mann—Whitney U-test. We used this test because
the data was not normally distributed. For the comparison, trees
were classified as either trees that use living fiber for storing starch
or trees that use only parenchyma.

To investigate differences in storage location and distribution
of starch between individuals from different species, we estimated
the probability density distribution of the percentage of starch of
the wood area as a measure of the spatial distribution of the
starch for the first 2 cm of wood in each species. For this, we used
the starch measurements from ROIs in all individuals per species
and estimated the density distribution per species using the R
function density, which computes a kernel density estimate. These
distributions gave us the relative probability of a specific starch
percentage occurring along the radial profile of the wood sample.
These starch distributions were compared by estimating the per-
centage overlap of the common area between two starch density
distributions. We tested the relationship of these distributions
with growth and mortality rates using linear regressions and per-
mutation tests over the regression slope.
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Fig. 1 Representation of the cutting plane of the samples and examples of the images of the histological slide from Ocotea leucoxylon, where the rays are
stained brown and the starch black (left panel), and the result from the image processing, where the stained starch was recolored in red (right panel).
Within a randomly chosen 1 mm? area (blue square) all pixels stained red were then automatically identified for measurement (selected pixels here are
highlighted in black and white) using our Imace) macros (see Supporting Information Methods S2). ROI, region of interest.

We tested the influence of the lipid storage on growth and
mortality rates using the Mann—Whitney U-test. For this, the
species were classified as species with lipid storage (species that
showed consistent lipid droplets in the parenchyma cells) and
species with no lipid storage (species that showed no lipid
droplets in the parenchyma cells, or showed them in some sparse
specific locations).

All the statistical analyses were conducted in R v.3.6.1 (R Core
Team, 2017).

Results

Starch and soluble sugar partitioning

The starch content in our trees ranged from 0.1% to 15% of the
dry mass (Fig. 2). Starch was the most abundant storage com-
pound for most of the sampled trees, representing at least 70% of

New Phytologist (2021) 230: 139-154
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the total NSC, but was practically absent in individuals of
S. morototoni and V. vismiifolia.

The soluble sugar content of the outermost 4 cm of stem wood
ranged between 0 and 3% of the dry mass without a clear rela-
tionship with stem depth for any of the trees (Fig. 2). For most
trees, soluble sugars represented < 30% of the total NSC in their
wood, with the exception of individuals of S. morototoni and
V. vismiifolia, whose soluble sugars were the main storage com-
pound, representing 54% and 99.9% of the total NSC, respec-
tively. Nevertheless, trees from these two species also had the
lowest concentrations of total NSC (soluble sugars and starch),
3% and 2% respectively.

Validation of the histological method
Starch quantities determined using the histological method and

the HPAE-PAD were highly correlated, and the model’s slope
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was very close to one (y = 0.47 + 0.89x, # = 0.80, P < 0.005,
R =0.89, RMSE = 0.55, Fig. 3). No effect of tree species or the
depth range on the model’s slope and intercept was found (P =
0.27). Permutation tests confirmed these results. We found that
the slope of the linear model was significantly different from zero
(P < 0.01) and the difference in the means of the two quantifica-
tion methods (0.09) was not different from zero with 95% confi-
dence. The histological method can therefore be used not only to
estimate starch concentrations but also starch spatial distribution
in the wood and concentration gradients among different wood

cell types.

Starch storage strategies and life history traits

Based on the location of starch in the wood, which was visible in
the histological stained samples, we were able to differentiate two
distinct storage strategies among individuals of the nine species
evaluated. All individual trees belonging to a particular species
shared the same storage strategy. One group of trees used exclu-
sively the ray and axial parenchyma to store starch (Fig. 4 left-
hand side). This group generally had low starch contents, and
high annual growth and mortality rates (Fig. 5). The second
group mostly used living fibers for starch storage (Fig. 4 right-
hand side). In this group, we found trees that generally had a high
concentration of starch, and low annual growth and mortality
rates (Fig. 5). Starch concentration per wood-cell type manually
measured in some histological samples showed us that for this

group, between 50 and 80% of the starch was stored in the living
fibers; the rest was stored in ray and axial parenchyma. These
storage strategies were consistent between seasons, with all trees
from a particular species showing the same storage strategy in
both rainy and dry seasons (Fig. S1).

These storage strategy groups showed a weak relationship with
annual growth rates (P = 011, Fig. S2) and a significant relation-
ship with mortality rates (P = 0.03, Fig. S2). Fiber-storing trees
tended to grow slower (< 0.25 cm yr_l) and have lower mortal-
ity (< 3% yr ') than parenchyma storing trees (Fig. S2). Curi-
ously, the starch storage strategies or the amount of starch stored
in the wood were not related to the functional type (evergreen or
semi-deciduous) of the species (P = 0.75, Fig. 4).

Distribution of starch in the wood

Starch content decreased radially, from the youngest wood to 4
cm depth, for many trees (Fig. 6). However, there was large vari-
ation among individuals of different species: for individuals of
Ocotea leucoxylon, Trattinnickia glaziovii and Tapirira guianensis,
starch concentrations declined gradually within the first radial 4
cm of stem-wood; for individuals of Sacoglottis guianensis there
was a sudden decrease in starch concentration in wood beyond 3
cm; and for individuals of Ocotea guianensis, Trattinnickia
burserifolia and V. vismiifolia there was no decline to 4 cm depth.
For most individuals of these species, we found that deeper wood
layers were completely void of starch.

Soluble sugars

Starch

D. microcarpa 0-2 |

-4 1 ° S B o
T. glaziovii g:ﬁ ] ._‘ﬂi“:}‘ od 5 8 (] o>—o
T. burserifolia gj | % . 8 e} q 5o o
T. guianensis gj J é‘i‘ OP .
O. leucoxylon gj {I}E_[F P ‘i - & B

S. guianensis 0-2 | f
2-4

0. guianensis 0-2 | [
2-4

S. morototoni 0-2 | —EIE— 1o ]
2-4 o -

V. vismiifolia 0-2 | Rl @S
2-4 & - o

Depth range (cm)
8 0-2
| 2-4

5 10 15

Sugar content (% of wood mass)

Fig. 2 Sugar and starch content (%) measured by the HPAE-PAD method for each species in the two wood depth ranges evaluated (0-2 cm and 2-4 cm
deep in the wood). The boxes of the boxplots represent the 25", 50" and 75™ percentiles from left to right. The boxplot whiskers represent 1.5 x the
interquartile range below the 25™ percentile (left whisker), and 1.5 x the interquartile range above the 75" percentile (right whisker). The measured values

are represented by the filled circles.
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Fig. 3 Linear model fitted between the two starch quantification methods
(solid blue line): the chemical extraction and high-performance anion
exchange chromatography with pulsed amperometric detection (HPAE-
PAD) method (y-axis), and the histological method (x-axis). Dots
represent every sample from each individual of each species from the
depth range analyzed. The dashed line corresponds to the 1 : 1 linear
relationship that would be expected if there were complete equivalence
between the methods. Different colors represent different species.

The density distributions of the percentage of starch in the first
2 cm of the stem wood in the radial direction showed two general
shape types (Fig. 7). Individuals from the species that store starch
only in the parenchyma had narrow distributions skewed to low
values of starch content, reflecting the grouped pattern of starch
in the stem parenchyma cells. By contrast, individuals from
species that store starch mostly in the fibers had a more spread
unimodal distribution with long tails towards high concentration
values, reflecting a more dispersed pattern of starch in the wood
(Fig. 7). The overlapping index between the starch distributions
of the parenchyma-storing trees and the fiber-storing trees
showed that both distributions share ¢. 39% of common area
with an absolute error smaller than 2.9 x 107> (Fig. S3).

Descriptive variables from these distributions were also related
to growth and mortality rates (Figs S4 and S5). The median of
the percentage of starch in the wood was nonlinearly associated
with growth (Fig. S4), but it was not related to mortality. Never-
theless, the cumulative mean percentage of starch from each 5
mm segment along the radial profile, up to 4 cm of the wood
core, was significantly related to mortality rates (r= 0.76,
P = 0.036, Fig. S5a).

Presence and localization of neutral lipids in the wood

Lipid droplets were exclusively present in parenchyma cells of
individuals from five species (Fig. 8, left-hand side). The wood
in individuals of the other four species was mostly void of neutral
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lipid droplets. In these species, lipid droplets were detected spo-
radically and localized only in the cell walls of vessels and in the
parenchyma cells next to vessels in individuals of 7. guianensis
and S. guianensis; and also in secretory cells in individuals of
O. guianensisand O. leucoxylon.

Lipid storage was not related to functional type or growth rates
(P> 0.1), but it was related to mortality rates (2= 0.031,
Fig. §2): individuals with lipid storage belong to species that had
lower mortality rates (< 3% yr') than individuals with no lipid
storage.

Discussion

Using the histological method, we identified the location of starch
storage and quantified its spatial distribution. This allowed us to
quantify differences in wood storage traits (e.g. starch distribu-
tion) and to relate these traits to two life history traits — tree
growth and mortality of nine tropical species. Our results point to
two contrasting patterns. Fast-growing, short-lived species stored
starch mainly in the parenchyma, while slow-growing, long-lived
species stored a large proportion of starch dispersed in living
wood fibers. We also found a positive relationship between lipid
content and mortality rates. These results may be indicative of
more general patterns of carbohydrate and lipid storage associated
with life history traits such as growth, carbon allocation, and mor-
tality. However, future studies, including species from different
forest sites, are needed for broader extrapolation of our findings.

Storage strategies and life history traits

Trees that belonged to slow growing, long-lived and high-survival
species stored a large proportion of their starch reserves in the liv-
ing fibers in the wood and had the biggest NSC pool. Trade-offs
between survival and growth have been reported for several tree
species, where species that allocate more resources to high survival
traits such as defense compounds and high wood density tend to
grow slower than species with less allocation to survival traits
(Gilbert ez al., 2006; Poorter et al., 2008; Wright er al., 2010;
Adler ez al., 2014; Philipson et al., 2014; Osazuwa-Peters et al.,
2017; Borghetti et al., 2020). Our results showed that storage of
starch in living fibers in stem wood may also be an important
trait of species that prioritize allocation of resources to increase
survival rather than growth. It is likely that a large number of liv-
ing fibers allows high amounts of starch to be stored in the wood,
which provides an efficient means by which to optimize storage
capacity without sacrificing structural resistance. This may allow
trees to have bigger reserve pools for the following purposes: to
invest more carbon in survival traits such as the possession of an
abundance of defence compounds and high wood density; to sus-
tain metabolism during carbon shortages; and to reduce stem
water potential and avoid cavitation by hydrolyzing starch. These
results agree with previous findings, where concentrations of
NSC correlated positively with survival rates and negatively with
growth in seedlings of some tropical tree species (Poorter & Kita-
jima, 2007; O’Brien et al., 2014, 2020). Storage allocation to liv-
ing fibers has been reported before for few species (Fahn &
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Fig. 4 Wood anatomy of the eight species
successfully analyzed using our histological
method. Starch grains are stained black by
Lugol's iodine. The group of species on the
left-hand side almost exclusively use the ray
and axial parenchyma for storing starch,
while the species in the right-hand side
mostly use living fibers in the xylem. The
upper four species (names in green) are
evergreen, and the lower four (names in
black) are semi-deciduous species. We also
indicate fast growing species (F) and slow
growing species (S) as described in Table 1.

i

Arnon, 1963; Yamada er al, 2011; Carlquist, 2013; Plavcovd
et al., 2016). In the individuals of the four fiber-storing species
we studied here, living fibers seemed to have lived for several
years as they were still functional (e.g. packed with starch)
throughout the sapwood, as far as the deepest and oldest wood

Fig. 5 Principal component analysis (PCA)
between the percentage of starch in the
wood, annual growth rates and mortality
rates. In the plot two groups can be
observed: the parenchyma storing species,
Sacoglottisguianensis (Sacgui),
Ocotealeucoxylon (Ocoacu),
Ocoteaguianensis (Ocogui),
Vochysiavismiifolia (Vocvis) and
Scheffleramorototoni (Schmor); and the fiber
storing species, Dacryodesmicrocarpa
(Dacmic), Trattinnickiaglaziovii (Tragla),
Trattinnickia burserifolia (Trabur) and
Tapirira guianensis (Tapgui). The
parenchyma storing species are grouped on
the right towards high growth and mortality
values. The fiber storing species are grouped
on the left towards low values of growth and
mortality, and high values of starch 2
concentration.
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layers containing starch, which were from 10 to 40 years old.
Our results indicate that for some tropical species, NSC storage
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Storing starch in living fibers may be associated with slow
mobilization rates, which may cause slower consumption of NSC
from wood and may result in slower NSC cycling in comparison
to storing starch in the parenchyma. These wood storage traits
would play an important role for both the amount of starch
stored and the capacity of trees to mobilize it. Slow mobilization
of starch in the fiber-storing trees may be due to the physical
characteristics of the living fibers (e.g. few extensive pits) and
their axial disposition, which may limit the lateral movement of
hydrolyzed starch (Carlquist, 2013). Fast radial transport of sug-
ars to the phloem happens through ray parenchyma (Hsll, 1975).
Therefore, we speculate that hydrolyzed starch from fibers has to
reach ray parenchyma before being efficiently mobilized to the
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phloem, which may require additional time in comparison with
starch that was already stored in parenchyma cells. As a result,
trees that store starch in fibers may have slower cycling of NSC,
evidenced in higher quantities of old NSC stored in the wood in
comparison to trees that store starch in parenchyma cells. Alter-
natively, the NSC may be sequestered and not readily mobiliz-
able. For instance, mechanistic models of C allocation have
shown that some tree species cycle NSC slower than others: for
example, Acer rubrum trees, which usually have a large number of
living fibers, may have slower consumption of NSC from wood
and a higher quantity of old NSC stored in the wood than Pinus
taeda trees (Carlquist, 2015; Plavcovd er al, 2016; Herrera-
Ramirez er al, 2020). Yet the variability of the anatomical
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features of the living fibers and their role in the NSC cycling in
trees are not well documented.

By contrast, individuals from fast-growing, short-lived and low-
survival species stored starch almost exclusively in the parenchyma
and had the smallest NSC pools in our study. Storing starch in the
parenchyma may limit the size of the storage pool in trees, but it can
increase accessibility and facilitate mobilization of reserves to pro-
mote fast growth. This may be because ray and axial parenchyma
are thin-walled cells with muldple extended pits that interconnect
them with other cells, including vessels (Carlquist, 2015).

Ray and axial parenchyma have additional important functions
other than carbon storage, such as acting as storage reservoirs for
water (Borchert & Pockman, 2005; Oliva Carrasco et 4l., 2014),
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lipids (Saranpii & Holl, 1989; Hoch ez al., 2003) or defense com-
pounds (Morris ez al., 2016; Huang ez al., 2020). This may explain
why not all individuals from fast-growing pioneer species stored
high quantities of starch, despite having a high proportion of
parenchyma in their wood (e.g. S. morototoni and V. vismiifolia).
For individuals from these two species, soluble sugars may play a
more dominant role than starch, although in both cases the total
NSC concentration was very low (Fig. 2). Individuals from these
species also stored lipids, although very little compared to other
species and probably not higher than the soluble sugar pool (be-
tween 1 and 2% of the wood volume as a rough estimate based on
the images, Fig. 7). It may be possible that starch storage in these
trees is very seasonal and spikes during other times of the year.
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Nevertheless, the samples taken during the dry season suggest that
V. vismiifolia does not store high amounts of starch during this
time of the year (Fig. S1), which is probably also the case for
S. morototoni (unfortunately, S. morototoni samples also showed
extensive contamination with fungi). Starch storage in the stem
wood may not be a priority for these fast-growing pioneer species,
but it may be more pronounced in other tissue and organs such as
phloem, branches and leaves where reserves are more easily accessi-
ble to maintain a fast growth rate.
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Fig. 8 Detection of neutral lipids in the stem
\ = wood of the nine species under study.

: Neutral lipids are visible as red droplets in the
wood tissues (parenchyma cells (P), fibers (F)
and vessels (V)). On the left-hand side we
pooled together the species for which neutral
lipids were visible all over the sampled area.
They are organized from top to bottom such
that the species in which neutral lipid
droplets were most abundant across the
sampled tissue is positioned at the top, and
the species with the lowest amount of lipid
droplets is positioned at the bottom. For
these species, neutral lipids were exclusively
localized in the ray and axial parenchyma
cells. On the right-hand side we show species
that exhibited very few or no neutral lipid
droplets; when droplets were present, they
were usually localized in the walls of vessels,
as seen in Ocotealeucoxylon and
Sacoglottisguianensis, or in the secretory
cells, as seen in Ocoteaguianensis.

Spatial distribution of starch in wood

The spatial distribution of starch in wood transversal area differed
among trees of different species, and it was related to the previ-
ously identified storage strategies, annual growth and mortality
rates (Figs 7, S3-S5). Trees that store starch in the living fibers
showed wider distributions of starch concentration, which
reflected a more dispersed pattern of starch storage in the wood,
in comparison with trees that only used parenchyma for storing
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starch. In our trees, starch content decreased radially along the
wood core from bark to pith. This radial decrease in starch con-
tent has been documented for several species (Saranpii & Holl,
1989; Hoch et al., 2003; Wiirth ez al, 2005). Nevertheless, this
pattern was highly variable between trees, where some stored
starch deeper than others (Fig. 6). Ultimately, this radial pattern
in starch concentration determines the starch pool size, which
may be more strongly related to tree survival than the average
starch concentration in wood (Fig. S5). This variability in the
spatial distribution of starch can be related to wood anatomical
traits such as the size and abundance of parenchyma cells and liv-
ing fibers (Plavcovd er al., 2016; Eatles er al., 2018; Furze er al.,
2020). It also may introduce strong differences between the NSC
pool size and NSC mobilization between tree species, which may
have large implications for tree survival and growth. These links
are deserving of further research, to understand NSC dynamics
in tropical trees and to confirm the patterns that we observed.
Thus, more attention should be given to the quantification of the
spatial distribution of starch in stem wood to better understand
the role of the NSC in survival during stressful conditions.

Neutral lipids

Neutral lipid droplets contributed to tree carbon storage in five of
the studied species (Fig. 8). In these trees, intricate storage patterns
between lipid and starch storage were observed. Trees that store
starch mostly in fibers, or those storing a very small amount of
starch in parenchyma (e.g. individuals of S. morototoni and
V. vismiifolia) showed lipid droplets exclusively in the parenchyma
cells. This suggests that living fibers may be specialized only in
starch storage. Furthermore, fiber-storing trees showed bigger and
more abundant lipid droplets than individuals of S. morozotoni and
V. vismiifolia. This is not consistent with the separation of ‘fat’ tree
species and ‘starch’ tree species (Hillinger ez 2/, 1996; Hartmann
& Trumbore, 2016) as species with greater amounts of starch also
showed more abundant and bigger lipid droplets. Yet starch was
more abundant and more evenly distributed in the wood than lipid
droplets for these species. By contrast, trees that stored starch in the
parenchyma were more consistent with the ‘fat’ vs ‘starch’ tree
dichotomy, and starch storage in the parenchyma cells (O. guia-
nensis, O. leucoxylon and S. guianensis) apparently left no space for
lipid droplets, suggesting that these species may rely exclusively on
starch storage for supporting metabolism. Instead, trees from fast
growing species that had very small starch storage and bigger
parenchyma cells (S. morototoni and V. vismiifolia) showed small
and dispersed lipid droplets in the parenchyma. Although our find-
ings suggest that the presence of lipid droplets is not related to
growth or functional type in the species under study here (P =-
0.11), they seemed to be related to mortality rates (P = 0.03);
trees that stored lipid droplets in the parenchyma were from species
with lower mortality rates than trees that had no lipids. The quan-
tification of the spatial distribution and seasonality of lipid droplets
in wood may thus contribute to better predicting tree survival
under constraining environmental conditions; however, the under-
lying mechanisms and implications for forest dynamics require fur-
ther investigation.
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Limitations of the histological method

We would like to stress that the histological method is not suitable
for accurately quantifying starch in individuals infected with fungi
or any substance that appears black upon staining in the anatomi-
cal slices. Glucans in the fungal cell wall also stain black or purple
with Lugol’s iodine, impairing the differentiation between fungus
mycelia and starch grains (Garcia-Rubio ez al., 2020). Addition-
ally, we do not know if the glucans in the fungal cell wall are also
extracted by the enzymatic digestion of starch, where glucans are
converted to glucose by amyloglucosidase. In this case, we would
also expect an overestimation of starch content in samples from
individuals infected with fungi (e.g. S. morototoni in Fig. 2) when
standard quantification methods are applied.

Conclusions and outlook

Odur results open research avenues for advancing our understand-
ing of starch and lipid metabolism in adult trees. The histological
method provides a novel and easy way to map starch and lipids
in wood and understand plant storage strategies that may play an
important role in survival under stressful conditions. Although
our results indicate that there are links between wood storage
traits, such as starch storage distribution and lipid storage, and
life history traits for adult trees of nine tropical species, a more
general pattern for multiple species and ecosystems still needs fur-
ther investigation. We hypothesize that these relations hold for
other tree species across the tropics, and the method we have pre-
sented here can help to further examine this hypothesis.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Wood anatomy of the samples taken in July 2018 from
the eight species successfully analyzed by the histological method.

Fig. S2 Box plot for the comparison of the species growth rates,
and the species mortality rates between the two storage strategy
groups, and between the two lipid storage groups.

Fig. 83 Comparison between the starch density distributions in
the stem wood of the fiber-storing trees and the parenchyma-stor-
ing trees.

Fig. S4 Relationship between the median of the annual growth
rate of each sampled species and the median of the percentage of
starch in the first 2 cm of the wood core.

Fig. S5 Association between mortality rates and the cumulative
mean percentage of starch along the wood core from bark to 4
cm, and mortality and the mean percentage of starch.
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Methods S1 Protocol for sample collection and specific staining
of starch and neutral lipids on stemwood.

Methods S2 IMAGE] macro for measuring percentage of starch
coverage in histological images of the cross-sectional view of
wood.
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