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PREMISE OF THE STUDY: Recent studies in canopy-dominant trees revealed axial scaling
of phloem structure. However, whether this pattern is found in woody plants of the
understory, the environment of most angiosperms from the ANA grade (Amborellales-
Nymphaeales-Austrobaileyales), is unknown.

METHODS: We used seedlings and adult plants of the understory tropical shrub /llicium
parviflorum, a member of the lineage Austrobaileyales, to explore the anatomy and
physiology of the phloem in their aerial parts, including changes through ontogeny.

KEY RESULTS: Adult plants maintain a similar proportion of phloem tissue across stem
diameters, but larger conduit dimensions and number cause the hydraulic resistance of
the phloem to decrease toward the base of the plant. Small sieve plate pores resulted in

an overall higher sieve tube hydraulic resistance than has been reported in other woody
angiosperms. Sieve elements increase in size from minor to major leaf veins, but were
shorter and narrower in petioles. The low carbon assimilation rates of seedlings and mature
plants contrasted with a 3-fold higher phloem sap velocity in seedlings, suggesting that
phloem transport velocity is modulated through ontogeny.

CONCLUSIONS: The overall architecture of the phloem tissue in this understory angiosperm
shrub scales in a manner consistent with taller trees that make up the forest canopy. Thus,
the evolution of larger sieve plate pores in canopy-dominant trees may have played a key

role in allowing woody angiosperms to extend beyond their understory origins.

KEY WORDS ANA grade angiosperms; hydraulic conductivity; hydraulic resistance; lllicium
parviflorum; leaves; phloem; sieve tube element; vasculature; xylem.

The ecological context in which angiosperms evolved has been
hotly debated in the last decades. This uncertainty is, in part, due to
the apparent contradiction between the relative recent rise of angi-
osperms, measured in geological time (approximately 125 million
years ago), and the rapid diversification that led to their ecologi-
cal dominance (Feild et al., 2003a, 2004). The success of flowering
plants correlates with the evolution of anatomical innovations that
improved their physiological performance in different environmen-
tal scenarios, such as leaf reticulate venation and large xylem vessels
(Zwieniecki and Boyce, 2014; Boyce and Lee, 2017). Woody lineages
are particularly interesting due to their ecological relevance, but
most anatomical studies have focused on xylem and the physiology
of water transport toward the top of the trees (Gleason et al., 2016;
Woodruft et al.,, 2016; Olson et al., 2018). In contrast, only a few
recent studies have dealt with the implications of phloem scaling in
canopy-dominant woody angiosperms (Savage et al., 2017). Even

less is known about the anatomy and physiology of the phloem in
woody plants adapted to shaded environments.

Woody members of the ANA grade (Amborellales, Nymphaeales,
Austrobaileyales; successive sister groups to all other flowering
plants) are adapted to shaded conditions. These lineages, particu-
larly Austrobaileyales and the monotypic Amborella, are excellent
candidates to understand the physiological properties of arborescent
plants that live in conditions with limited light. Most studies of extant
members from this grade focused on the xylem (Feild et al., 2003b,
2004; Feild and Arens, 2005, 2007; Barral et al., 2013). Anatomically,
these lineages are characterized by a small vessel lumen fraction
in the stems (Bailey and Nast, 1948; Carlquist, 1982; Carlquist and
Schneider, 2002), leaves with thick cuticles and large stomata, as well
as irregular leaf venation (Hickey and Doyle, 1977; Upchurch et al,,
1984; Carpenter, 2005; Coiffard et al., 2006). Comparable studies of
the anatomy and physiological properties of the phloem are lacking.
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Low light conditions necessarily result in low rates of photosyn-
thesis and thus impose a critical constraint of understory growth.
Previously, in situ measurements of the maximum photosynthetic
activity in woody angiosperms of the ANA grade revealed an asso-
ciation between low primary productivity and low xylem hydraulic
performance (Feild et al., 2005). While the hydraulics of the xylem
are coupled with the sugar loading of the phloem in the meso-
phyll (Holttd et al., 2006; Liesche et al., 2011; Nikinmaa et al., 2013;
Rockwell et al., 2018), the performance of the phloem in leaves is
still poorly understood. With a recent exception (Carvalho et al,,
2017a, 2018), detailed evaluations of phloem architecture in leaves
with reticulate venation are lacking. The paucity is in part due to the
challenging manipulations required to quantify the geometry of the
sieve tubes in the tapering veins, as well as difficulties in evaluat-
ing the velocity of the sap inside the sieve tubes, typically measured
using a fluorescent dye tracer (Jensen et al., 2011; Etxeberria et al.,
2016) or radiolabeled compounds (Knoblauch et al., 2016). Thus far,
phloem sap velocities in leaves of adult plants (including petioles)
have only been measured in a handful of species (Jensen et al., 2011).
In addition, much less work has been devoted to the study of the
phloem in seedlings, with a single exception from the Cucurbitaceae
(Savage et al., 2013). As a result, comparisons of phloem structure
and function between seedlings and adult plants have been missing
so far. This information is critical to better understand the develop-
mental plasticity of phloem in woody plants, as well as a possible
variation in its transport efficiency through their ontogeny.

The widely accepted mechanism of phloem transport is the dif-
ferential osmotic gradient generated between sources and sinks
(Miinch, 1930; Thompson and Holbrook, 2003; Pickard, 2012;
Knoblauch and Peters, 2017), but the validity of this hypothesis has
only recently been tested in herbaceous vines (Knoblauch et al.,
2016) and trees (Liesche et al., 2017; Savage et al., 2017). In canopy-
dominant tree species, long-distance geometrical scaling of the
sieve elements of the phloem is conserved, resulting in a reduced
hydraulic resistance of phloem conduits toward the base of the tree
(Savage et al.,, 2017). Yet, understanding the overall flow capacity of
the phloem requires quantification of sieve tube numbers alongside
vascular tapering (i.e., tree/shrub branching). Sieve tube quantifi-
cation has only been explored at single points of the stems in a few
trees (Lawton and Canny, 1970; Ghouse et al., 1976; Ghouse and
Jamal, 1979; Khan et al., 1992; Pace et al., 2011), but never by com-
paring different stem diameters, essential to evaluate whole plant
transport.

Pursuing these questions, we investigated the angiosperm shrub
Hllicium parviflorum to gain a better understanding of phloem
structure and function in the aerial parts of plants adapted to un-
derstory environments and through their ontogeny. Despite a re-
stricted distributional range in the tropics of America and Asia,
Illiciaceae is the largest family within the order Austrobaileyales.
The latter is one of the three lineages that compose the ANA grade
of flowering plants, and the sister group to all other angiosperms
except Nymphaeales and Amborella (Mathews and Donoghue,
1999; Parkinson et al., 1999; Qiu et al., 2000; Soltis et al., 1999,
2018). While almost nothing is known of the phloem in these line-
ages (Bailey and Nast, 1948), this information could bring insights
into their growth patterns and ecological adaptations. Our results
include a novel quantification of sieve tube element number per
cross-sectional area of the stems and major veins of leaves and char-
acterization of phloem architectural traits related to the hydraulic
efficiency of carbohydrate transport.
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MATERIALS AND METHODS

Plant materials and growth conditions

Mature plants of Illicium parviflorum were grown in plastic pots in
the greenhouses of the Arnold Arboretum of Harvard University,
using high porosity growing medium PRO-MIX (PremierTech
Horticulture and Agriculture Group, Riviere-du-Loup, QC,
Canada), at 25°C + 2°C with 75% relative humidity (Fig. 1). Plants
were watered to field capacity every morning. Three seeds per pot
were sown, and first seedlings (with two cotyledons) were visible 4
months after sowing. They were repotted individually and grown
for three more months until the emergence of the first true leaves
(approximately 3 cm long), which were used for the measurements
described below. Due to the understory habit of these plants and
based on our previous observations, high sun exposure was avoided
with a dark net between the greenhouse roof and the plants (aver-
age photosynthetic active radiation [PAR] 100 pmol m=2s™").

Measurements of carbon assimilation

Gas exchange was measured in three exposed leaves from three
branches oriented in all directions in each mature plant (n = 3 adult
plants), as well as two leaves from each seedling (n = 3 seedlings).
Measurements were done at three time points during the day (08:30,
12:30, and 16:30 hours), once per week during February and March
2017. We used a LI-COR 6400 (LI-COR, Lincoln, NE USA), with
light source, configured to track ambient PAR at each measurement
(average 100 pmol m~ s™). The reference CO, was 400 pmol mol™,
the average leaf temperature 20.0°C + 0.16°C (+SD), and vapor
pressure deficit 1.06 + 0.06 kPa (+SD). Results of photosynthetic ac-
tivity were evaluated with a two-way ANOVA, using time of the day
(morning, midday, and afternoon), and the developmental stage of
the plant (adults and seedlings), as independent factors (P < 0.05).

Sample preparation for stem anatomy

Due to the shrubby nature of mature Illicium parviflorum plants,
lateral branches were divided into four stem diameter classes (see
Fig. 1): <2 mm (primary growth or early secondary growth), 4-6
mm (green shoots with secondary growth), 9-11 mm (stems with
bark), and >21 mm (main stem). The length of each branch seg-
ment was measured, and the number and area of the leaves per unit
length evaluated (n = 30). To observe changes in the vascular tissues
with increasing stem diameters, we cut 5-10 cm long stem sections
from each diameter class and three different plants with clippers and
kept them in 1x Tris-buffered saline (TBS); 50 pm thick cross sec-
tions were then cut with a Reichert-Jung Hn-40 sliding microtome
(Vienna, Austria), immediately mounted onto glass slides, and
stained with a solution of 0.1% w/v aniline blue in K,PO, (Linskens
and Esser, 1957), which stains callose of the sieve plates. Samples
were observed with either a Zeiss Axiophot microscope with epiflu-
orescence and an AxioCam 512 Color connected to the AxioVision
software (Zeiss, Oberkoche, Germany), using the DAPI narrow filter
band (excitation 365 nm, bandpass 12 nm; dichroic mirror FT 395
nm; barrier filter LP397 nm). Individual images of the stem cross
sections (taken with 5x/0.15 Plan-Neofluar objective) were aligned
and merged into a composite image to visualize and measure the
areas of the whole stem with Photoshop software (Adobe Systems,
Newton, MA, USA).
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Evaluation of sieve tube geometry in
stems

To evaluate the length and the radius of the
sieve tube elements, we used a microscalpel
to hand-section a second set of samples from
the same stem diameters described above.
Sections were mounted on slides and stained
with a mixture of 0.1% w/v aniline blue in
K,PO, and 0.1% w/v calcofluor white in 10
mM CHES buffer with 100 mM KCl (pH 10),
which stains the cellulose from the cell walls
of the sieve tube elements. Fluorescence of
callose in the longitudinally oriented sieve
plates was used to quantify the number
and area of the lateral sieve areas compos-
ing the compound sieve plates connecting
the individual tubes with a 40x objective
magnification.

For quantifying the number of sieve tube
elements, a third set of samples (2, 4, 6 and
11 mm diameter) of about 0.5 cm thick-
ness was collected and then fixed in 4%
w/v acrolein (Polysciences, Warrington, PA,
USA) in a modified piperazine-N,N’-bis
(2-ethanesulfonic acid) (PIPES) buffer ad-
justed to pH 6.8 (50 mM PIPES and 1 mM
MgSO, from BDH, London, UK; and 5 mM
EGTA) for 24 h, then rinsed thrice in the
same buffer, and finally dehydrated through
a series of increasing ethanol concentrations
(10%, 30%, 50%, 70%, 80%, and 100%), 1 h
each. Samples were incubated in the cata-
lyzed solution of the resin Technovit 8100
(Electron Microscopy Sciences, Hatfield, PA,
USA) for at least 3 months, and finally em-
bedded under anoxic conditions and at 4°C.
Later, blocks were mounted on microtome
studs and serially sectioned at 4 um with
a Leica RM2155 rotary Microtome (Leica
Microsystems, Wetzlar, Germany). After
mounting them on Superfrost slides, they
were stained with aniline blue and calcofluor
as described previously to quantify both the
number of sieve tube elements (the conduct-
ing cells of the phloem) compared to the total axial elements of the
phloem between the ray parenchyma, which is an integral constit-
uent of the phloem, but served as a topographical reference for cell
quantifications in sections.

All samples were imaged with a Zeiss LSM700 Confocal
Microscope (20x/0.8 M27 Plan-Apochromat objective for cross
sections and 63x/1.40 Oil DIC M27 Plan-Apochromat objective for
longitudinal sections) using the 405 nm laser band to excite the sam-
ple and a Zen Black 2010 software connected to a Zeiss HR camera
to create the final compound tiles. Serial tile images obtained from
resin sections were aligned with Photoshop software, then the axial
cells of the phloem between ray parenchyma and the sieve tube ele-
ments were quantified (Appendix S1). To estimate the total number
of sieve tubes per stem diameter, we calculated the tube number
per these areas that are between the phloem parenchyma rays and

FIGURE 1. lllicium parviflorum shrubs in the greenhouse. Arrows indicate the diameter of the
stem where samples were obtained. Distal parts correspond with thinner stems and areas of
primary growth. Inset shows an image of an uprooted seedling. Scale in centimeters.

multiplied that number by the estimated total phloem area at each
stem diameter. Note that this will slightly overestimate the num-
ber of sieve tubes, given that the area of the uniseriate phloem ray
parenchyma was not subtracted from the estimate of total phloem
area.

Evaluation of pore size of sieve plates

To evaluate in detail the size of pores that make up the sieve plates,
we cut another batch of wood sections, which were immediately
frozen in liquid nitrogen, transferred to super-chilled ethanol, and
then sectioned in the same orientation of the sieve plates at each
diameter. After that, the cut sections were incubated within a mix-
ture of 0.1% w/v proteinase K dissolved in 50 mM Tris-HCI buffer,
1.5 mM Ca*" acetate and 8% Triton X-100, pH 8.0 (Mullendore
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FIGURE 2. Anatomy of stems in lllicium parviflorum. (A-C) Cross sections stained with aniline blue for callose. (A) Stem with early secondary growth,
2 mm diameter. (B) Stem with secondary growth, 4 mm diameter. (C) Stem showing bark, 6 mm diameter. (D) Percentage of cross-sectional areas oc-
cupied by the cortex and epidermis (grey, lower bar), phloem (yellow), xylem (orange), and pith (green, upper bar) tissues at different developmental
stages of the stems based on their diameter. (E) Sieve tube element number per stem cross-sectional area: black solid circles represent the relationship
between the total number of sieve tube elements and stem diameter; yellow open circles represent the percentage of sieve tubes (conductive area)
in the axial areas that are between the phloem ray parenchyma. Scale bars = 500 pm.

et al,, 2010), using a water bath at 60°C for 2 weeks. After rinsing
with ethanol to deactivate the proteinase and washing them thrice
with water, they were incubated with a 1% w/v aqueous solution
of a-amylase for at least 2 days at 60°C, then rinsed thrice in water
and finally freeze-dried for 24 h. Samples were then mounted on
SEM studs and sputter-coated with gold-palladium using a Denton
Vacuum Desk II Sputter Coater for 180 s at 20 V and 6.67 Pa. Studs
with samples coated with gold-palladium were imaged with a JEOL-
6010LV scanning electron microscopy (SEM) (JEOL, Peabody, MA,
USA) using high vacuum and an accelerating voltage of 10-15 kV.
Pore size was evaluated in at least 10 samples (n = 140 pores) of the
largest stem diameters (11 mm and 21 mm). Note that we used this
technique to evaluate pore size because it was previously demon-
strated that it avoids artifacts such as sieve tube collapse and of-
fers the most accurate measures of pore size resembling the in vivo
condition.

Sample preparation for leaf anatomy

Transverse serial sections of the petiole, midrib, and secondary veins
of mature I. parviflorum leaves were hand-cut, stained with aniline
blue and calcofluor, and imaged with a confocal microscope (details
below). For examining changes in the area of the xylem, phloem,
and sclerenchyma along the major vein of mature leaves, three se-
quential cross sections of the petiole, midrib and tip of the major
vein were obtained from five mature leaves, then imaged and manu-
ally outlined with the Image J 1.51d software (National Institutes of
Health, Bethesda, MD, USA; Appendix S2). Longitudinal sections
of the same vein areas from the petiole, the midrib, and second and
third order veins were obtained from five different leaves and im-
aged with the protocol described below for quantification of length
and radius of the sieve tube elements.

Due to the small size of leaves from seedlings, leaf material was
fixed in 4% acrolein, then embedded in Technovit 8100 before se-
rial sectioning with a microtome as previously described. Variation
among areas, sieve tube lengths, radius, and numbers from leaves
were averaged and means compared among the different vein orders
using a one-way ANOVA and Tukey’s honestly significant difference
test at a P < 0.05. All statistical analyses were performed with SPSS
version 24 (IBM, Armonk, NY, USA).

Measurements of phloem sap velocity

Phloem transport velocity was measured by tracking the move-
ment of the fluorescent dye carboxifluorescein (CF) (reviewed by
Knoblauch etal., 2015) in the secondary veins of living mature plants
and seedlings at 11:00 hours each day. After saturating the soil with
water, and taking advantage of the flexibility of the branches from
shrubs, we took three mature plants and nine seedlings to the lab-
oratory, and the leaves were immobilized on the microscope stage
with the abaxial surface exposed upward, avoiding petiole twisting,
which might affect sap flow within the phloem. A 10 pL droplet of a

mixture containing 0.01 M CF diacetate in 1:10 mixture of acetone
and distilled, deionized water, supplemented with 0.1% of the sur-
factant SilEnergy (RedRiver Specialties, Shreveport, LA, USA) was
applied with a micropipette to the distalmost part of the secondary
veins (adapted from Jensen et al., 2011; Savage et al., 2013). To allow
better permeabilization of the dye, we used the tip of the pipette
to slightly abrade the thick cuticle, and the small window opened
(approximately 1 mm?) was covered with the liquid during the ex-
periment to prevent desiccation. To track the movement of the dye,
we used a portable Stereo Microscope Fluorescence Adapter with
510-540 nm excitation wavelength, and a long pass 600 nm filter
band (NIGHTSEA, Lexington, MA, USA). Time-lapse images were
obtained every 10 s for 20 to 40 min with a Zeiss v12 dissecting mi-
croscope using the 0.63x PlanApo objective and an AxioCam 512
Color camera connected to the AxioVision software. Velocity was
calculated by tracking the time taken by the dye front to travel a
known distance.

RESULTS

Anatomy of the stems in lllicium parviflorum

Illicium parviflorum shrubs have numerous lateral branches and
a short thicker stem (Fig. 1). Younger branches are green (2-10
mm diameter) and support spirally arranged leaves, whereas
older branches (>10 mm diameter) have visible bark and seldom
retain leaves. The length of the branches scales proportionally
with their diameter, and thus the stems with 2 mm diameter
reach up to 10 cm long, whereas 6-10 mm diameter stems extend
through 50 cm. While the ratio of leaf number to stem length is
higher in the youngest stems (0.7 + 0.07 SE) compared with older
ones (0.5 + 0.03 SE), the average leaf area increases from 13.4 cm?
in thinner stems (2 mm diameter, primary growth) to 20.7 cm?
in older ones (6 mm diameter). Given the width-length relation-
ship, we considered the diameter of the stem as a useful reference
to evaluate apical to basal transport in the plant.

To understand the area that each tissue occupies in the cross sec-
tion of the stems, we measured the radius of the ring formed by the
cortex, the phloem, the xylem, and the pith, and calculated the area
as A=7n(R? —Rfl), where R is the radius of each ring tissue, and R
the total radius of the stem. We then normalized these areas to the
percentage of total cross-sectional area occupied, which revealed
that the cross-sectional area of the cortical tissue (including the
epidermis) decreased as the stem diameter increased (Fig. 2A-C)
and the opposite pattern for the xylem tissue. Strikingly, the propor-
tion of the cross-sectional area occupied by the phloem tissue was
maintained in all stem diameters evaluated (Fig. 2D). Because the
phloem axial elements can easily be identified between the phloem
ray parenchyma, we quantified the proportion of sieve tubes per
area between the phloem ray parenchyma in different stem di-
ameters to estimate the total number of tubes (Appendix S1). The
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FIGURE 3. Phloem in stems of lllicium parviflorum. (A-C) Longitudinal sections of the stems stained with aniline blue for callose and calcofluor white
for cellulose. (A) Sieve tube element in a stem with early secondary growth (2 mm diameter) showing cell walls in cyan and sieve plates in red. (B)
Sieve tube elements in 4 mm diameter stem. (C) Sieve tube element network in 6 mm diameter stem. (D) Geometric relationships between sieve tube
element (STE) length (light blue), radius (red), and diameter of the stem. (E) Relationship between number of sieve areas per end plate (dark blue,
lower line) and their size (green, upper line) across stem diameters. Logarithmic regression curves at P < 0.05; bars display standard error (SE). Scale

bars: A=100 pm; B =200 pm; C = 500 pm.

proportion of conductive cells (number of sieve tubes/total number
of phloem cells in each axial area) was maintained at approximately
30% in all of the stem diameters evaluated, while the estimated total
number of sieve tubes increased linearly with stem diameter (r* =
0.99; P < 0.05; Fig. 2E).

The morphology of individual sieve tube elements varied across
stem diameters, with the number of sieve areas per plate con-
nections between tubes increasing as stem diameters increased
(Fig. 3A-C). The length (/) and radius (r) of individual sieve tube
elements showed a logarithmic positive relationship with stem di-
ameter (P < 0.05; Fig. 3D). Similarly, both the area and number of
sieve plates followed a positive logarithmic relationship with stem
diameter (P < 0.05; Fig. 3E). The average radius of sieve plate pores
in the two large stem diameter classes was 0.22 um * 0.005 SE. We
were unable to quantify the pore size of smaller diameter stems be-
cause the sieve pores were occluded with an amorphous material.

Leaf vascular anatomy in lllicium parviflorum

The mature leaves of I. parviflorum have reticulate venation
(Fig. 4A). Veins extend from the small petiole (1 cm long on av-
erage), through the midrib to fourth order veins, with higher vein
orders difficult to disentangle. Cross sections of the major veins in
leaves from adult plants revealed that both the phloem and the xy-
lem comprise three cell types: conduits, axial parenchyma, and ray
parenchyma (Fig. 4B, E; Appendix S1), similar to the organization
observed in the stem vasculature. A sheath of thick-walled pericy-
clic fibers surrounds the vasculature of the primary and higher or-
der veins in the leaf lamina (Fig. 4C, D), which is largely absent in
the petiole. The total area occupied by the vascular tissues from the
petiole toward the tip of the midrib declines (Appendix S2), but the
number of conducting elements of the phloem and xylem located
in the areas between ray parenchyma (taken as a reference for quan-
tifications), as well as their respective lumen areas, is maintained
along the entire midrib (Appendix S3). These results suggest that
the decline in the conductive areas of the major vein toward the
midrib tip is due solely to the gradual reduction of the number of
phloem-xylem areas between ray parenchyma. Each area between
ray parenchyma maintains the 1:1 xylem—-phloem cell number in
the secondary veins, although their number and lumen size are re-
duced by almost an order of magnitude compared with the major
vein (Fig. 4E). Leaf vasculature is markedly different in seedlings,
where the xylem and phloem cells are still differentiating. Between
them, several rows of square and thin-walled cells likely correspond
with cambial tissue (Fig. 4F-H; Appendix S4).

Quantifications of the length and radius of sieve tube elements
in leaves of Illicium parviflorum reveals that both dimensions de-
crease from the major vein to the higher order veins (Fig. 5A), yet
are conserved between the midrib and the petiole (Fig. 5A, B).
Unfortunately, quantifying the length and radius of the sieve tube
elements in fourth vein orders was impossible due to the mas-
sive presence of sieve areas along their lateral cell walls (Fig. 5C).

Strikingly, the sieve tube elements of the leaves from seedlings were
longer and wider compared with mature leaves (Fig. 5D, E).

Assimilation rates and phloem sap velocity

Neither photosynthetic activity between adult plants and seedlings
of Illicium parviflorum, nor the interaction between developmental
stage and time of measurement, was significant (two way ANOVA;
r*=0.71; P = 0.11, P = 0.28, respectively). Maximum rates of 4-5
pmol CO, m™ s™ were observed at midday (Fig. 6). To evaluate the
velocity of transport through the phloem, we monitored the flu-
orescence front of a dye tracer along the secondary veins of both
adult plants and seedlings (Fig. 7). While this velocity was very low
for adult plants, 4.94 + 1.10 SE um s™! (n = 3) (compared with other
angiosperm species), the veins of seedlings exhibited a velocity that
was nearly three times higher, 14.44 £+ 1.70 SE pm s™' (n = 5), point-
ing to a regulation of sap flow velocity through the phloem in L
parviflorum plants depending on their developmental stage.

Sieve tube hydraulic resistance in stems and leaves

From the collected anatomical data, we computed the hydraulic re-
sistance of sieve tubes from thinner and shorter branches, which
have the smallest tubes, to the stems at the base of the shrub, which
exhibit the widest diameters and larger sieve tubes. Sieve tube
resistance can be expressed as R, =R+ Rplate. Lumen resis-
tance depends on both the geometry of the tubes themselves and
the viscosity of the sap flowing within, which we assume here as
n = 1.7 mPa, an estimate obtained from previous measurements
(Knoblauch et al., 2016). R _ is determined by the number and size
of sieve pores (Jensen et al., 2012a, b), with pore radius the most
influential variable affecting resistance (see also Jensen et al., 2014;
Savage et al., 2017). Note that because we were unable to measure
the pore diameters of the smaller stems, for our calculations we as-
sume that pore size does not vary.

Sieve tube hydraulic resistance per length in I. parviflorum has
an inverse relationship with the diameter of the stems (Fig. 8A), but
the magnitude of this decrease is modest compared to patterns re-
cently reported for trees (Savage et al., 2017). The slight decrease
is because of the scaling dimensions of the sieve tubes (longer and
wider toward the base of the shrub), but also the increasing number
of sieve areas—and thus the number of pores—in larger diameter
branches. To understand the influence of this decreasing resistance
on the pressure required to drive sap flow in the leaves, we used the
resistor analogy recently applied to trees (Savage et al., 2017). This
model assumes that the differential pressure (Ap) across transport
length L is proportional to the hydraulic resistance per length of
sieve tubes, R (Pa s m™) and the sap flow rate Q (m*®s™') expressed
as Ap/L = QR. We calculated Ap across a transport length (L) for
different diameter stems, assuming a constant linear flow velocity
(U), and the average sieve element radius (r) and length (I), and our

estimate of sieve tube resistance R , (Pasm™):
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FIGURE 4. Anatomy of leaves in lllicium parviflorum. (A) Mature leaf showing adaxial surface and reticulate venation. (B) Vasculature of petiole show-
ing arrangement of xylem (Xy), cambium (Ca), and phloem (Phl). (C) Cross section of the midrib showing a similar organization but surrounded by a
pericyclic fiber cap (white arrows). (D) Secondary vein showing reduced xylem and phloem tissue compared with the primary vein. (E) Leaf of seedling.
(F) Petiole showing differentiating xylem (yellow), several rows of cambial cells (white), and differentiating phloem (blue) tissues. (G) Similar organiza-
tion in the midrib. (H) Secondary vein. (B-D, F-H) Cross sections stained with aniline and calcofluor white. ca, cambium; phl, phloem; xy, xylem. Scale

bars: 500 um.
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Assuming the phloem sap velocity measured in mature plants
(5 pm s7), the differential pressure required to transport sap in a
1-m long branch is very low (0.05 MPa for the smallest branch di-
ameters). Thus, with a fixed viscosity and relatively low pressures,
the small branches of Illicium parviflorum could be much longer
without compromising carbohydrate transport. The higher phloem
sap velocity measured in seedlings implies that the pressure re-
quired to transport the same distance would increase, yet the es-
timated pressure difference (0.16 MPa) is within the range of most
measured angiosperms. It has to be noted that seedlings, similar to
younger branches, rarely reach lengths longer than 0.05 m without
widening their stems.

Using the geometric variables of the sieve tube elements from
leaves, we evaluated the lumen hydraulic resistance in different
vein orders (Fig. 8B). Note that lumen resistance is one of the
two components of the tube resistance because we would need to
measure the pore size in the sieve plates of different vein orders in
the leaves, which was not possible in this study, and we note that
pore size measurements in the sieve plates of angiosperm leaves
are extremely rare. However, for comparative purposes, the R,
of the small branches is 1.6 x 10" Pa s m~, a similar value to that of
the petioles (1.0 x 10 Pa s m~). As in the stems, phloem hydraulic
resistance decreased by over an order of magnitude from tertiary
veins to the petiole.

DISCUSSION

Scaling of phloem geometry in the stems of lllicium
parviflorum

The current work shows that the increase in stem diameter in L
parviflorum toward the base of the shrub correlates with a devel-
opmental scaling of sieve tube structure. Comparable values of
length and width of the sieve tubes have been only recently re-
ported in angiosperm trees, pointing to a conserved mechanism
associated with attainment of an arborescent growth form (Liesche
et al.,, 2017; Savage et al., 2017). However, pore sizes of the sieve
plates were substantially smaller in Illicium (in average, the radius
is 0.22 pm for wider branches, within the lowest range reported
for angiosperm trees). Sieve plate pore radius has been estimated
as the most influential variable affecting sap flow resistance within
sieve tube (Esau et al., 1962; Mullendore et al., 2010; Jensen et al.,
2012a, b; Savage et al., 2017). In Illicium, even assuming that the
pore diameters of stems with smaller girths are equal to our meas-
ured pores, phloem hydraulic resistance decreases toward the base
of the shrubs. Should pore radius be reduced in smaller branches,
following a similar pattern to that previously observed in trees
(Savage et al., 2017), those differences will be even greater. If small

pore size holds true for other angiosperms of the ANA grade, tiny
pores could be an ancestral feature of woody flowering plants and
would also be consistent with the high xylem resistance previously
reported in the wood of these extant lineages (Feild et al., 2003a,
2004, 2009). Remarkably, the proportional cross-sectional area of
the phloem in different stem diameters of I parviflorum is con-
served, contrasting with a reduction of cortical tissue and an in-
crease in xylem tissue.

The scaling of lumen diameter and number of xylem elements
toward the base of woody angiosperms have been widely stud-
ied (Holtta et al., 2006, 2009, 2013; Sevanto et al., 2011; Petit and
Crivellaro, 2014; Diaz-Espejo and Hernandez-Santana, 2017) be-
cause quantification of vessels in cross section is straightforward,
whereas counting the sieve tube elements is more challenging.
Due to the paired structure-function relationship between the
phloem and the xylem (reviewed by Savage et al., 2016; Seleznyova
and Hanan, 2018), understanding hydraulic transport in woody
organisms requires a better understanding of sieve tube numbers
along the plant, so far missing in woody lineages. Indeed, some
reports in speciose tribes such as the Bignonieae (Bignoniaceae)
have shown great variability in the morphological properties of
phloem elements and suggested a high functional specialization
of the sieve tube elements in the secondary phloem (Pace et al.,
2011, 2015). In most studies, sieve tube number estimations were
based on single point measurements in the stems, such as the
2/3 sieve tube proportion (number of sieve tubes relative to total
phloem cells) inferred by Miinch (1930), which was later chal-
lenged by quantifications of sieve tubes in the stems of other an-
giosperm trees, such as the 12-26% in six Cassia species (Ghouse
and Jamal, 1979), 17-35% in members of the Myrtaceae (Ghouse
et al., 1976), 54-74% in Sterculia tragantha and Bombax bounop-
ozense (Lawton and Canny, 1970), or 11-59% in leguminous trees
(Khan et al., 1992). Similarly, numbers can vary depending on
whether the phloem is regular or variant type, as found in certain
families such as Bignoniaceae, where regular sieve tube elements
may occupy 7% of the total phloem area, whereas variant sieve
tube elements reach 34% of the total phloem area (Pace et al.,
2011).

Yet, these single point measurements offer only a partial pic-
ture (see also Canny, 1973). Here we used serial sections to esti-
mate the total number of sieve tubes per cross-sectional area of
the stem at different positions along the plant. While the propor-
tion of conductive elements per phloem areas between ray pa-
renchyma (30%) is maintained in all stem diameters in Illicium
parviflorum, consistent with the similar proportion of vessels
in the xylem (Feild et al., 2003a), the total number of conduc-
tive tubes increases linearly with stem diameter. In stems with
early secondary growth, the average leaf area supplying photo-
synthates doubles from thinner to thicker stems and the esti-
mated number of sieve tubes follows a similar trend. The lack of
sieve tube number quantification across different stem diameters
in the majority of woody angiosperms hampers a comparative
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FIGURE 5. Phloem in leaves of lllicium parviflorum. (A) Scaling relationship between sieve tube element length (blue circles) and radius (red triangles)
across major veins in mature leaves of /. parviflorum. (B) Longitudinal section of sieve tube elements of secondary vein (Sec) of a mature leaf showing
sieve plate connections (arrowheads). (C) Sieve tube element of fourth order vein (Four) in mature leaf showing sieve plates (arrowheads) along lateral
walls. (D) Relationship between sieve tube element length (blue circles) and radius (red triangles) in major veins of seedlings. (E) Longitudinal section
of secondary vein of leaf from seedlings with sieve plate connection (arrowheads) between contiguous tubes. (A, D) Bars display standard error (SE);
MID, midrib; PET, petiole; SEC, secondary vein; TERC, terciary vein. Scale bars: 500 pm.

framework with our data, and even though future works will
likely elucidate whether this pattern is consistent across woody
plants, our results point to a critical spatiotemporal regulation of
sieve tube number and size in stems.

Phloem scaling in leaf veins of I. parviflorum

Unlike in the stems, mature leaves of Illicium parviflorum show a
similar number of vascular elements of both xylem and the phloem,
a 1:1 relationship that appears to be conserved across vein orders.
These results are consistent with the idea of a physiological depend-
ence between xylem and phloem (Zwieniecki et al., 2004; Sevanto
etal., 2011; Holtté et al., 2013). Indeed, the proportion of sieve tubes
in the petioles of herbaceous species varies substantially, from the
roughly 30% of sieve tubes in Beta vulgaris (Geiger et al., 1969), to
17% and 23% of Cucurbita species and potato, respectively (Crafts,
1931, 1933). While having a higher proportion of sieve tubes in the
petioles has consequences for mass transfer from the leaves to the
stems, the 1:1 relationship between the phloem and the xylem in
the leaves of I. parviflorum implies that the increasing total conduc-
tive area of the xylem and phloem in the major veins results from
a higher number of conduits toward the petiole, similar to the de-
scribed reduction in phloem conduit number in the single-veined
needles of pines (Ronellenfitsch et al., 2015). In addition, different
vein hierarchies in the leaves of I. parviflorum have a scaling rela-
tionship of sieve tubes that is similar to what was recently reported
for the reticulate-veined leaves of poplar (Carvalho et al., 2017a) and
dichotomously veined Ginkgo (Carvalho et al., 2017b). However, the
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FIGURE 6. Photosynthetic activity in lllicium parviflorum. Comparison
between assimilation rates of adult plants (blue, lower symbols) and
seedlings (red, upper symbols) in the same greenhouse conditions at
three times during the day. Error bars (SE) emphasize overlapping aver-
ages between both plant types.

sieve tube elements are shorter (and slightly thinner) at the petiole
in Illicium parviflorum leaves than within the major leaf veins.

Shorter sieve tubes in the phloem of the petiole may have impli-
cations for the regulation of pressure within the sieve tubes in leaves,
especially at the times of maximum turgidity (i.e., maximum sugar
export rates). We observed a higher number of sieve areas in the
plates connecting the sieve tubes in the petiole; thus, this feature
may attenuate at least in part a putative pressure increase (Carvalho
et al,, 2018). It would be desirable to obtain pore size in the sieve
tubes of different vein orders and therefore check whether it con-
cords with the hydraulic models for energy conservation, such as da
Vinci’s rule or Murray’s law (Murray, 1926; Richter, 1980; McCulloh
et al., 2003). Nevertheless, the role of the petiole in regulating sugar
export from leaves has not been extensively explored across angio-
sperms and requires further attention (Grimm et al., 1997; Ray and
Jones, 2018).

The directional flow in the sieve tubes of the major veins in
Illicium leaves contrasts with the anatomy of the sieve tubes in the
minor veins, which have numerous sieve areas pervading their lat-
eral walls. The massive presence of sieve areas in the lateral walls of
sieve tube elements from minor veins is in line with the idea of a
division of function between the minor veins, which mainly work as
sugar loaders, and major veins, where directional transport occurs
within leaves (Russin and Evert, 1985; Turgeon, 2006; Carvalho
etal., 2017a, 2018). A high number of symplasmic connections typ-
ically associate with passive sugar loading in the minor veins (van
Bel et al., 1992; Turgeon, 1996; Gamalei et al., 2000; Rennie and
Turgeon, 2009; Turgeon, 2010; Davidson et al., 2011; Zhang et al.,
2014), but the heterogeneity of the species evaluated leave this ques-
tion still unresolved (Slewinski et al., 2013). So far, sugar radiolabe-
ling appears as the most reliable measure of loading type, which has
yet to be applied to Illicium parviflorum leaves. As a member of the
ANA grade of flowering plants, of which a majority are adapted to
shaded environments, Illicium could likely fit with the previously
hypothesized passive sugar loading in woody angiosperms of the
understory (Gamalei, 1989, 1991). However, this feature appears to
be labile among the extant members of the ANA grade, such as the
sister lineage of all angiosperms Amborella, reported to be an active
loader (Turgeon and Medville, 2011; Comtet et al., 2017).

Developmental flexibility and carbon limitation at the sources
in the understory

Our estimations of the turgor pressures required to drive sap trans-
port in 1. parviflorum are within the range of osmotic values for
phloem sap reported for a wide range of species (Jensen et al.,
2013). These measurements thus support the validity of the Miinch
hypothesis (Miinch, 1930) as the mechanism of sugar transport in
understory shrubs, consistent with models of phloem transport in
both angiosperm and gymnosperm trees (Thompson and Holbrook,
2003; De Schepper et al., 2013; Jyske and Holtta, 2015; Liesche et al.,
2015; Comtet et al., 2017). However, our calculations indicate that
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FIGURE 7. Velocity of sap within phloem of lllicium parviflorum.Time-lapse images of leaf from seedling showing advancement of carboxyfluorescein

dye through phloem. Scale bars = 1000 um.

even without increases in stem diameter, I. parviflorum branches
could reach significant lengths without compromising phloem
transport.

In addition, our evaluations of carbon low assimilation rates in
greenhouse conditions are consistent with the low in situ meas-
urements previously reported in the field (Feild et al., 2003a, b,
2004, 2009). Interestingly, the size of sieve tube elements, both di-
ameter and length, in the major veins of the leaves of seedlings are
approximately three times larger than in mature leaves. In parallel,
the measured velocity of sap in the seedlings is 3-fold higher than
in adult leaves, suggesting a functional flexibility of the phloem
through ontogeny. Faster transport rates through the phloem of
saplings would imply more efficient transport of sugars during
rapid sun flecks, which account for one third of the total pho-
tosynthesis in the tropical understory (Pearcy, 1987). However,
faster transport rates could reflect lower storage of carbohydrates
in the leaves in response to sink strength for example, compared
to the slower rates in adult plants. Phloem velocity in seedlings
and adult plants has only been evaluated in one herbaceous spe-
cies (Savage et al., 2013), and phloem sap velocity was variable
in seedlings depending on the bundle and developmental stage.
Phloem velocity is important from the perspective of sink strength
because the faster transport of carbohydrates in the seedlings im-
plies typically faster growth rates. However, whether this devel-
opmental dynamic is consistent across flowering plants requires
further investigations.

CONCLUSIONS

Despite the understory origins of woody angiosperms, organismal
scaling of sieve tube elements of the phloem appears as a conserved
mechanism that predates the origin of woody flowering plants,
and likely seed plants in general (see Woodruff et al., 2004; Liesche
et al., 2015; Liesche, 2017). Angiosperm colonization of the verti-
cal niche implied a number of structural innovations that led to a
higher functional efficiency and thus productivity (Koch et al., 2004;
Savage et al,, 2017; Gleason et al., 2018). However, our knowledge
on phloem functioning in the extant lineages of the basal angio-
sperm grade is still in its infancy. For the first time, we here evalu-
ated in detail phloem anatomy and physiology in a member of the
Austrobaileyales clade and offered a developmental angle that may
help to explain the plasticity of the phloem in the light-limited en-
vironments where these lineages likely evolved. With respect to the
phloem of adult plants, the major structural difference between the
sieve tubes of I. parviflorum and those found in angiosperm trees is
their much smaller sieve plate pores. Such a slight difference suggests
that evolutionary changes in sieve tube structure could have criti-
cally influenced the structure and functioning of forest ecosystems.
Extant angiosperm taxa composing the component clades of the
ANA grade (i.e., Amborella, Nymphaeales, Austrobaileyales, which
are successive sister groups to all other flowering plants) consist
of no more than 220 species. Yet, the spectrum of their life forms
range from aquatic herbaceous (the whole Nymphaeales clade), to
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FIGURE 8. Sieve tube hydraulic resistance in aerial parts of lllicium parviflorum. (A) Inverse relationship between sieve element resistances per length
at each stem diameter (related with distance to base of stem). (B) Sieve tube lumen resistance in major veins of mature leaves of lllicium parviflorum.

shrubs and lianas of the tropical understory in both the monotypic
Amborellales and the Austrobaileyales. From a physiological angle,
the evolution of physiological performance during angiosperm ra-
diation has typically been inferred from the perspective of a single
organ, such as leaves (Brodribb and Feild, 2010) or vascular traits of
the xylem in mature plants (Feild and Arens, 2005, 2007). However,
broader reconstruction of ancestral ecophysiological traits further
requires organismal and developmental approaches, especially tak-
ing into account understudied tissues, such as the phloem. Knowing
the parameters that condition sap flow through the phloem is par-
ticularly relevant in plants that acquired arborescent forms, since
their size requires efficient internal transport tissues and they play
an outsize role in structuring forest ecosystems. We propose that
developmental and organismal heterogeneity of sieve tube elements
across extant member of the basal angiosperm grade (see Behnke,
1986) are key elements for the reconstruction of traits that compose
different strata in ancestral and contemporary forests. Thus, suites of

functional vascular traits including perforation plates of the xylem
(Feild and Wilson, 2012) and sieve plates of the phloem, may have
been selected during early angiosperm evolution, allowing woody
flowering plants to extend beyond their understory origins.
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