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Auxin (IAA) and soluble carbohydrate seasonal dynamics monitored
during xylogenesis and phloemogenesis in Scots pine

The metabolic activity of phytohormones and the accumulation of carbohy-
drates affect the reactivation of the cambial zone and the radial increment of
woody plants. We aimed to monitor the dynamics of indole-3-acetic acid (IAA)
concentration and amounts of soluble carbohydrates during xylem and phloem
formation of one growing season (2015). Six sample trees of Scots pine (Pinus
sylvestris L.), aged 80 years on average, growing in the Sobesice research site
(404 m a.s.l.) in the Czech Republic were selected. We obtained microcore
samples at weekly intervals by the Trephor tool method for cell formation
analysis and spectrophotometric determination of IAA and soluble carbohy-
drate contents. We found that time of the highest concentration of IAA (last
week of April) coincided with time of the maximum number of cells in the
cambial zone and highest expansion of the cell enlargement stage. When the
IAA concentration was too low to be measured, latewood tracheids started to
form, and late phloem sieve cell formation ceased. The highest concentration
of soluble carbohydrates was 200.40 + 21.6 pg GLU per sample (May 14). This
coincided with the fastest weekly xylem cell increment. This research shows
that IAA and soluble carbohydrate dynamics directly affects xylem and phloem
formation.
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Introduction

One of the most important processes for
formation of xylem and phloem is the be-
ginning of cambial activity. In addition to
air temperature and soil moisture content
(Oribe et al. 2001, Deslauriers et al. 2008,
Lupi et al. 2010), the reactivation of the
cambial zone and the beginning of new cell
formation substantially depend on the
metabolic activities of plant hormones
(phytohormones). Phytohormones are nat-
ural secondary metabolites of plants, and
their concentrations affect cambial activity
and, subsequently, differentiation of form-
ing tissues; thus they act as growth regula-
tors. Namely, they participate in cell divi-

sion, enlargement and differentiation, as
they have a key role in organ development
and senescence. Auxin, ethylene, abscisic
acid, gibberellins, cytokinins, jasmonates,
brassinosteroids and salicylates are cur-
rently recognized as phytohormones (Teale
et al. 2006, Fu et al. 2011). The role of phy-
tohormone transport is not elucidated. The
extent and significance of auxin concentra-
tion, though, is considered particularly im-
portant (Teale et al. 2006). Unlike other
phytohormones, auxin concentration is not
controlled only by homeostatic mecha-
nisms (biosynthesis, conjugation and ca-
tabolism) of the plant. The direction of au-
xin flux also involves active transport of
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the hormone in a polar way (Vanneste &
Friml 2009). The main pathway for polar
auxin transport in the stem is the cambial
zone area (Sundberg et al. 2000). This is
considered to be unique from a biochemi-
cal perspective in regard to wood forma-
tion because wood cells generally demon-
strate a notably low capacity for perform-
ing homeostatic mechanisms (Schrader et
al. 2003).

Many vital phytohormones, essential for
plant growth and development, are
grouped under the auxin category, but in-
dole-3-acetic acid (IAA) is considered to be
the predominant and the most abundant
auxin in plants (Nakurte et al. 2012). IAAis a
major regulator of plant growth and devel-
opment (Perrot-Rechenmann 2010), mainly
controlling meristematic function, cell en-
largement, and overall cell expansion
(Carlsbecker & Helariutta 2005, Sieburth &
Deyholos 2006). Nevertheless, only a small
percentage of IAA resides in a free form in
plants, while most of it is conjugated to
amino acids and sugars (Nakurte et al.
2012). I1AA is distributed from plant assimi-
lation organ chloroplasts through their en-
tire vascular system down to the root
apex, and IAA is also a part of assimilate
flow through phloem sieve cells to het-
erotrophic parts of woody plants (Aloni
1995). Radially, it is highly concentrated in
the cambial zone and gradually decreases
toward maturing xylem and phloem (Sund-
berg et al. 2000). It is reported that the
complex interaction of diverse transport
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streams of |IAA is regulated by develop-
mental factors, but there is a profound ef-
fect of environmental factors, too (Schra-
der et al. 2003).

In pines, IAA follows the main transport
path through the cambial zone; in other
species, it flows through parenchymatic
cells of the phloem as well (Uggla et al.
1996, 1998, Tuominen et al. 1997, Sundberg
et al. 2000). Larson (1964) examined the
system of earlywood (EW) tracheid forma-
tion in Pinus resinosa (Aiton) in the context
of hormonal activity in cooperation with
tree-ring formation. EW is formed at the
beginning of the growing season, when an-
nual shoots grow and lignify and IAA con-
centration is high. In contrast, latewood
(LW) tracheids start forming at times when
the intensity of IAA supply to cambium is
reduced and the formation of annual
shoots has ended. LW tissues have smaller
radial dimensions, but thicker cell walls
(Little & Savidge 1987), and, forming at the
time of reduced IAA concentration, have
smaller radial dimensions; on the other
hand, they have more time for differentia-
tion and are much more intensely supplied
with assimilates from already-formed an-
nual shoots for the creation of their sec-
ondary walls, which gives them their typi-
cal thick-walled structures (Sundberg et al.
1987, Funada et al. 2001). According to Lar-
son (1969), the formation of LW occurs
when the concentration of IAA is gradually
reduced and carbohydrate contents rise.
The correlation between IAA concentra-
tion and formation of LW in Pinus sylvestris
(L.) has not been sufficiently demonstrated
(Uggla et al. 2001). Furthermore, although
the IAA concentration gradient has been
demonstrated by spectrophotometry in
xylem tissues, the effect of IAA concentra-
tions on individual cell elements in terms of
their function (vessels, tracheids, libriform
fibres, etc.) has not been specified suffi-
ciently (Bhalerao & Fischer 2014). Wodzicki
(1971) observed the dependence of IAA
concentration on radial growth and tra-
cheid maturation during the growing sea-
son and measured a high concentration of
IAA throughout June and early July. He fit-
ted the data with an interpolation curve for
correlation with tracheid differentiation,

Tab. 1 - Long-term weather data (1901-
2014) at the study area. (T): air tempera-
ture; (P): precipitation.

Parameter Value
Average annual T(°C) 8.1
Average annual total P (mm) 601
Warmest month T (°C) July
(18.1)
Coldest month T (°C) January
(-2.7)
Lowest total P (mm) February
(27.5)
Highest total P (mm) July
(82)
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but he was unable to confirm a significant
relationship between IAA concentration,
cell enlargement and xylem cell matura-
tion. Rather, he stressed the effect of IAA
on the phenology of cambium within the
cytokinetic process during the meristem-
atic stage (production of daughter xylem
cells).

Previous studies report that the ratio be-
tween IAA and soluble carbohydrates af-
fects the type of differentiation of meris-
tematic cells into xylem and phloem tissues
(Wetmore & Rier 1963, Jeffs & Northcote
1966). Additionally, the radial increment of
woody plants is significantly affected by
the intensity of the supply and accumula-
tion of carbohydrates, specifically, non-
structural carbohydrates. These are distrib-
uted as products of photosynthesis by
phloem cells from the assimilation area to
the roots. The rate of carbohydrate supply
is directly associated with the phenologic
cycles of woody plant assimilation organs
(budding, leafing, yellowing — Suzuki et al.
1996). Currently, the effect of global warm-
ing and associated climate change has
manifested. As a result of the increasing
frequency of extreme hot spells arising
from a high number of tropical days with-
out precipitation, phenological stages tend
to change (Christensen et al. 2007). This ef-
fect later leads to a reduction of assimila-
tion area (foliage), and thus a reduction of
the content of carbohydrates in assimila-
tion transport. Generally, there is a re-
duced supply to cellular tissues, which
causes inhibited meristematic functions
and thus, reduced increments of woody
plants and their total production (Suzuki et
al. 1996). Therefore, it is advisable to focus
on monitoring of specific climatic factors
that influence the cycle and allocation of
nutrients regarding biomass formation and
quality of plant tissues. Based on these
findings only, it will be possible to assess
which specific types of cells are formed
and under which conditions in order to
achieve the desired properties of wood
production.

The main objective of this preliminary
study was to monitor the dynamics of in-
dole-3-acetic acid (IAA) concentration and
the amount of soluble carbohydrates in
Scots pine (Pinus sylvestris L.) during one
growing season (2015) under the prism of
the xylogenesis and phloemogenesis pro-
cesses (cambial activity, stages of xylem
and phloem cell differentiation and mor-
phometric parameters of xylem and
phloem cells).

Material and methods

Study area and weather conditions

The samples for this study were taken in
the territory of the School Forest Enter-
prise Masaryk Forest Krtiny, a research site
in Sobesice, Czech Republic (49° 15’ N, 16°
36’ E, 404 m a.s.l.). According to long-term
weather data (1901-2014), the warmest and
wettest month at the site is usually July.

Tab. 1 provides a short overview of the pre-
vailing weather conditions at the site for
more than one century (Climate Research
Unit Time Series, CRU TS3.23 - http://clim
exp.knmi.nl).

Air temperature (Minikin TRH, EMS Brno,
Czech Republic), precipitation totals (Met-
One Instruments, Grants Pass, Oregon,
USA) and soil water potential were contin-
uously monitored at the site. Soil water po-
tential was measured at depths of 15, 50,
and 90 cm, with two repeated measure-
ments at each depth (GB1, Delmhorst Inc.,
Towaco, NJ, USA attached to datalogger
SP3, EMS Brno, Czech Republic). In addi-
tion, the sum of effective temperatures
(Zer) was calculated for each day. The sum
of the effective temperature was calcu-
lated as the sum of the mean daytime tem-
perature for the stated periods. The
threshold temperature was 5 °C, with val-
ues below that counted as zero.

Sample collection and preparation

For this study, 6 sample trees of pine, 80
year-old on average, were selected. The av-
erage height of the sample trees was 25 m,
and the average stem diameter at breast
height (130 cm above ground level) was 36
+ 7 cm. Cell formation was monitored by
regular sampling of microcores (thickness:
1.8 mm) from tree stems using a Trephor
increment borer (Rossi et al. 2006) at
breast height at weekly intervals. Each
week, 6 microcores and 6 reserve micro-
cores were taken so that permanent micro-
scope slides could be made. Microcores
were immediately put in FAA fixing solu-
tion (90 ml 70% ethanol, 5 ml 100% glacial
acetic acid, 5 ml 36-38% formaldehyde) for
a period of one week, then rinsed in water
and stored in 50% ethanol. The microcores
were then dehydrated in an ethanol series
(70, 90, 95, and 100%) and impregnated
with paraffin wax (4 hours) in a tissue pro-
cessor (Leica TP1020). Next, paraffin blocks
were produced (using a Leica dispenser
EG1120) in order to adapt them for a rotary
microtome (Leica RM2235). The finished
microsections (8-12 pm thick) were dried in
a laboratory oven (70 °C for 20 min). This
was followed by selective staining with
safranin and astra blue, so that lignified
and non-lignified tissues could be distin-
guished. Further, permanent microscopic
slides were made out of these microsec-
tions (Gricar et al. 2014).

To analyse the amount of IAA, 6 micro-
cores and 6 reserve microcores were taken
for spectrophotometric determination of
IAA content. These microcores were stored
in glass vials with 1 ml 100% methanol. Mi-
crocores were extracted in 1 ml 100%
methanol at three stages: (1) shaker used
for 15 min (100 rpm at laboratory tempera-
ture); (2) sonication in an ultrasonic bath
(30 min at 10 °C, cooled by ice); and (3)
shaker used for 15 min (100 rpm at labora-
tory temperature). The entire volume of
each extract was used for determination of
IAA content. The methanolic extracts were
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transferred to test tubes, and samples
were evaporated to dryness in a nitrogen
stream. Demineralized water (2 ml) was
added to the wood mass extract evapora-
tions in each tube. After a 10 min relaxation
period, the samples in the tubes were
properly mixed by vortexer, and 2 ml Sal-
kowski reagent (50 ml 35% perchloric acid
with 1 ml 0.5 M ferric chloride solution)
were added. The mixtures were mixed
again by vortexer, and after a three-minute
response time, the samples were analysed
(absorbance of each sample was mea-
sured, limit of amount measurability - 2 pg
sample™) in a METASH 5100 V spectropho-
tometer at a wavelength of 530 nm and
compared with demineralized water (Fu et
al. 2011, Nakurte et al. 2012, PodleSdkova et
al. 2012).

The extraction procedure for determina-
tion of soluble carbohydrates was based
on a similar principle, except that at the
second stage, sonication was carried out at
a temperature of 60 °C. Then, 1 ml deminer-
alized water and 1 ml 5% fresh phenol solu-
tion were added to methanolic extracts of
wood mass in each tube, and the mixtures
were mixed by vortexer. Next, 5 ml con-
centrated sulphuric acid were immediately
added, and the mixtures were mixed man-
ually and left to stand for 10 min. After this
time, the samples were properly mixed by
vortexer and allowed to continue the reac-
tions in a thermostatic water bath at a tem-
perature of 22-23 °C for 30 min. After the
reaction time, the samples were analysed
(absorbances were measured) using a
METASH 5100 V spectrophotometer at a
wavelength of 490 nm and compared with
demineralized water. The resulting values
based on standardisation are given in the
amount of glucose per sample (pg GLU
sample™ — Albalasmeh et al. 2013).

Measurements and data processing

To analyse permanent microscope slides,
we used a Leica DMLS light microscope
with a Leica DFC 280 digital camera and Im-
ageJ software (Abramoff et al. 2004). Cam-
bial activity, differentiation and morphol-
ogy of xylem and phloem cells (cambial ac-
tivity, stages of xylem and phloem cell dif-
ferentiation, and morphometric parame-
ters of xylem and phloem cells) were ana-
lysed in the radial direction of the cross-
sections of the microscope slides. The
number of cells in the cambium zone (thin-
walled and radially flattened rectangular
cells) and the number of cells at various
stages of differentiation during the whole
growing season were explored. Cells at the
stage of cell enlargement (post-cambial
cells, PC) were differentiated from cambial
cells based on their radial dimensions,
which are at least twice as large. The stage
of secondary cell thickening (SW) was dis-
tinguished from the PC stage by the polar-
izing filter; cell walls with parallel microfib-
rils reflected the same angles of light,
which manifested as a distinguishing
boundary of shiny cells under this filter
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(Deslauriers et al. 2008). Cell walls of ma-
tured tracheids (MT) were fully coloured
with red safranin. Further, early phloem
sieve cells were analysed. Early phloem
(EP) sieve cells were identified in the same
way as the cells at the PC stage, as their ra-
dial dimensions were at least double com-
pared with cambial cells. Late phloem (LP)
sieve cells were separated from EP cells by
a boundary of axial parenchyma (AP),
which looks like a strip of cells with red-
coloured lumina dyed by safranin.

The intensity of radial cellular growth was
determined using the Gompertz function
mathematical model (Rossi et al. 2003).
The input parameters for this function
were the actual measured data of the total
weekly cell increments. The growth sig-
moid curve demonstrates the total value of
the radial increment, and the curve of the
first derivative shows the rate of radial
growth value for the period (growth inten-
sity). Due to variability of the number of
cells around the stem circumference, it was
necessary to define the increment trend
with this function in order to avoid a de-
crease in the cumulative value of cell radial
growth. This function fitted the real values
to its model curve and so defined the
course of growth by the equation (eqgn. 1):

y=Ae_€(ﬁ_K') ()

where y is the cumulative value of the
number of cells in one week, t is the day of
the year, A is the upper asymptote of the
maximum number of cells, f is the parame-
ter location on the x-axis, « is the inflection
point on the curve representing the maxi-
mum daily increment of cells.

Mar  Apr May Jun Jul Aug

Measurement of morphological
parameters of xylem and phloem
Morphometric parameters of cells within
the last formed tree ring were analysed. In
each of these tree rings, three radial rows
of xylem and phloem cells were selected,
and the following parameters were mea-
sured in each of the selected rows: cell wall
thickness, radial dimension of cell lumen,
total cell radial dimension, and total num-
ber of cells formed (CGricar et al. 2015).
Mork’s criterion was used to differentiate
EW from LW xylem. If twice the double cell
wall in a tracheid was larger than the cell
lumen, that cell was recorded as LW (Den-
ne 1989). To determine thickness of cell
walls, the dimensions of the double cell
wall (thickness of two adjacent cell walls)
were measured in that particular row of
cells. Total radial dimensions of cells were
calculated by the formula (egn. 2):

R:%(ZCW)+L+12(2CW) @)

where R is the total cell radial dimension,
2CW is the thickness of double cell wall, L is
the cell lumen width.

Results

Weather data

In 2015, the average annual air tempera-
ture was 10.0 °C. The coldest month was
February (0.7 °C), and the warmest month
was August (22.4 °C on average). The high-
est precipitation total, 69.6 mm, was also
recorded in August; however, 50.8 mm
was recorded on just a single day (August
18; day of the year, DOY: 230). The driest
month was April with just 6.2 mm of pre-
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cipitation. These fluctuations are reflected
in the graph of soil water potential (Fig.
1B), showing steep local increases during
the dry period without rainfall. This effect
can be seen especially in the summer,
when the soil water potential values fluctu-
ated from -1.1 to -0.4 MPa. The total annual
precipitation was 405.6 mm, which is ap-
proximately 33% less compared to the long-

Tab. 2 - The timing of particular stages of cell formation of xylem and phloem. (CA):
beginning of cambial activity; (CCA): end of cambial activity; (PC): beginning of cell
enlargement; (CPC): end of PC; (SW): beginning of secondary cell thickening; (CSW):
end of SW; (MT): occurrence of the first fully matured tracheids; (EP): beginning of
formation of sieve cells of early phloem; (LP): beginning of formation of sieve cells of
late phloem (at the same time ending of EP); (CLP): end of LP and phloem formation
generally. The values stand for day of year (DOY) + standard deviation.
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secondary cell walls in the first week of
May (Tab. 2, Fig. 2). Additionally, intensity
of cambial division was highest during the
first week of May, and the maximum num-
ber of cells in the cambial zone (10.9 * 1.8)
was detected. Moreover, the beginning of
the formation of LP was detected in this
period (DOY: 128 + 5, May 8). The first ligni-
fied (fully mature) EW cells were observed
in the course of the following week.
Phloem cell formation ended on June 24
(DOY: 175), when the number of CC cells
dropped to 6.9 * 1.3. It was found that
cambial activity ceased on DOY 189 = 10,
less than a week before the end of the PC
stage. Thus, the number of cambial cells in
the second week of July was identical to
their number in the dormant period. All tra-
cheids had fully lignified cell walls by the
beginning of October (DOY: 265 =+ 27).

Auxin (IAA) activity - concentration of
soluble carbohydrates

In the course of the 2015 growing season,
the concentration of IAA was observed in
interaction with the duration and intensity
of formation of individual types of the sec-
ondary phloem and xylem cells. The high-
est concentration of IAA (according to
sample absorbances) was measured in the
last week of April (Fig. 3, Fig. 4). The values
decreased gradually in the following
month, and in the second week of June,
the concentration rapidly decreased below
the limit of measurability (2 pg sample™). At
the time when the highest concentration
of IAA was measured, we also detected the
maximum number of cells in the cambial
zone (Fig. 3A, Fig. 4A) and the highest ex-
pansion of cells in the PC stage (Fig. 3C).
The last measurable values of IAA concen-
tration were found on July 2 (DOY: 183, 3.4
+ 0.7 ug sample™). Further, the IAA concen-
trations ranged below the limit of measura-
bility. The formation of LW started in this
period, and LP formation stopped.

The first significant increase in concentra-
tion of soluble carbohydrates was re-
corded on March 26 (DOY: 85), with a mea-
sured value of 123.04 + 0.5 pg GLU sample™.
Concentrations increased significantly dur-
ing April, culminating in the second week
of May (by increasing 110% compared to the
dormant period). The highest concentra-
tion of soluble carbohydrates was mea-
sured on May 14 (DOY: 134; 200.40 * 21.6
pg GLU sample™). Thus, this occurred two
weeks later than when the maximum value
of IAA concentration was measured. From
the beginning of June, it was possible to
observe a gradual decrease in the concen-
tration of soluble carbohydrates. In the last
week of August, the concentration of car-
bohydrates was at a level similar to the be-
ginning of the growing season. At the time
when the maximum concentration of solu-
ble carbohydrates was found, the fastest
weekly xylem cell increment was estab-
lished by using the Gompertz function (Fig.
5). This effect was not observed for
phloem. The amount of soluble carbohy-
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drates therefore affected the intensity of
xylem cell formation (Fig. 3F, Fig. 3H).

Gompertz function

We found that the average total radial in-
crement was formed by 28.33 xylem cells
and 8.91 phloem cells (Tab. 3). This annual

increment grew with an average intensity
of 0.25 cells per day (1.74 cells week™) in
the case of xylem, and an average daily in-
crement of 0.12 cells per day (0.82 week™)
in the case of phloem. Cell increment of a
forming tree ring was detected on May 12
(DOY: 132 - Fig. 5C, Fig. 5E), at a maximum

Tab. 3 - Parameters of the Gompertz function for xylem and phloem cells for the year

2015 (number of cells).

Parameters Xylem Phloem
Total number of cells 28.33 8.91
Daily cell rate 0.25 0.12
Maximum of daily cell rate 0.36 0.17
Day of maximal daily cell rate (DOY) 132.23 108.32
Number of days for fully formed cell increment 114.28 76.31
Coefficient of determination (R?) 0.70 0.87
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intensity of xylem formation (0.36 cells
day’; 2.54 week"). The maximum cell incre-
ment of phloem cells was detected on April
18 (DOY: 108 - Fig. 5D, Fig. 5F), when it was
0.17 cells day” (1.19 cells week™). A fully lig-
nified tree ring was formed in 114.28 days,
and the total annual phloem increment
was formed in 76.31 days (Tab. 3). In the
case of phloem, Fig. 5B shows that the
standard deviations of the Gompertz func-
tion values demonstrated minimum vari-
abilities compared to xylem cells (Fig. 5A).

Morphometric parameters of xylem
and phloem cells

Xylem cells

The dynamics of cell growth in terms of
the morphometric parameters of cells at a
given time was monitored during the 2015
growing season (Tab. 4, Fig. 6). As shown
in Fig. 6A and Fig. 6C, a characteristic trend
of radial dimensions of EW and LW was
demonstrated, in which first thin-walled
EW with more than twice as large radial di-
mensions compared to LW were formed at
the beginning of the growing season. In
contrast, in the summer (first half of July),
thick-walled LW tissues with significantly
smaller radial dimensions were formed.
Fig. 6C shows how the thickness of the
double cell walls of tracheids gradually
grew during the growing season and culmi-
nated in the LW formation period. When
cambial activity gradually ceased, the thick-
ness of the double cell walls nearly match-
ed tracheid dimensions at the beginning of
the growing season. Fig. 6 shows that the
thick-walled LW began forming late in the
period when IAA concentration dropped
below the limit of measurability (2 pg sam-
ple’). Furthermore, the values of tracheid
radial size decreased along with the values
of IAA concentration.

Phloem cells

While a significant difference (R*= 0.824)
in radial dimensions of cells in terms of
their growth period (as well as in terms of
their positions within a tree ring) was
proved in EW and LW, there was no signifi-
cant statistical difference (R* = 0.002) be-
tween the two cell types in the case of
phloem cells (EP and LP), which is con-
firmed by the graphs in Fig. 6B and Fig. 6D.
At the same time, these graphs demon-
strate that the number of EP cells was up
to three times greater than the number of
LP cells. When the highest IAA concentra-
tion was found, the formation of LP cells
started. Additionally, the value of the con-
tent of soluble carbohydrates sharply in-
creased by more than 110% in this period
(Fig. 6F, Fig. 6H). Phloem cells were form-
ed in a substantially shorter time, and their
formation stopped at a time when LW did
not begin forming.

Discussion

These results prove that IAA and the
amount of soluble carbohydrates affect

iForest 11: 553-562
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Tab. 4 - Descriptive statistics of morphometric parameters of xylem and phloem cells.
(EW): earlywood tracheids; (LW): latewood tracheids; (EP): sieve cells of early
phloem; (LP): sieve cells of late phloem; (N): number of values measured; (SD): stan-
dard deviation. Units used: ym.

Tissue Type Cell Parameters N Average Min Max SD

Xylem EW Radial dimension 320 37.2 16.0 64.3 8.8 23.7
Lumen dimension 320 32.8 10.6 60.1 9.0 27.4

Double cell wall 320 4.4 2.2 7.8 1.0 21.9
w Radial dimension 117 14.5 6.6 27.5 3.9 26.7
Lumen dimension 117 8.9 2.6 22.6 3.5 39.5
Double cell wall 116 5.4 2.6 9.7 1.6 28.8
Phloem EP Radial dimension 118 21.4 11.1 40.7 5.3 24.9
Lumen dimension 118 19.9 9.6 39.2 5.4 27.1
Double cell wall 118 1.5 0.8 2.5 0.3 21.6
LP Radial dimension 42 21.6 11.0 32.7 5.5 25.5
Lumen dimension 42 20.0 9.9 31.1 5.5 27.4
Double cell wall 42 1.5 0.9 2.0 0.3 19.2
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Fig. 6 - Morphometric parameters of xylem and phloem cells formed in relation to the
concentration of indole-3-acetic acid (IAA - A, B, C, D) and soluble carbohydrates (E,
F, G, H) during the growing season 2015. (R?): coefficient of determination; (EW): ear-
lywood tracheids; (LW): latewood tracheids; (EP): early phloem sieve cells; (LP): late
phloem sieve cells; (DOY): day of the year (70: March 11; 100: April 10; 130: May 10; 160:
June 9; 190: July 9; 220: August 8; 250: September 7; 280: October 7; 310: November
6). Vertical solid lines: standard errors.
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cambial activity and the dynamics of xylem
and phloem cell formation. This interde-
pendence manifests most in the sequence
of the onset of individual differentiation
stages, rather than in the duration of each
specific stage. However, highly adverse
weather conditions during summer played
an important role in this study. An excep-
tionally dry period in late July and through-
out August resulted in an early termination
of cambial activity. As weather charts de-
picted, no precipitation was recorded for a
full three weeks in August when the tem-
peratures exceeded a mean value of 26 °C
(the warmest period in the year). This ex-
ceptionally dry period is also confirmed by
the soil water potential values (over -0.4
MPa). This factor significantly affected the
lengths of cell formation stages and thus
the total number of cells in xylem (tree-
ring width). Additionally, it affected the
number of cells in LW and the total ratio of
EW and LW in the annual radial increment.
The formation of phloem cells ended be-
fore this dry period.

The number of cambial cells showed that
in the period of maximum cambial activity,
the strongest expansion of the cell en-
largement stage was observed. In the
same period, IAA concentrations reached
the highest values. This coincided with the
findings of Wodzicki (1971) on IAA concen-
tration in Pinus sylvestris L. (Poland). Sund-
berg et al. (2000), as well as Bhalerao &
Bennett (2003), stated that the highest IAA
concentration was located in the cambial
zone and was most involved in cell division,
suggesting that cell enlargement was sup-
ported at lower concentrations and, at the
same time that IAA was involved in the ini-
tiation of cell secondary thickening at a
lower intensity. Our findings also demon-
strate that when the maximum IAA con-
centration was detected, EW thin-walled
tracheids with larger radial dimensions
were formed. At the same time, maximum
cambial activity (the highest number of
cells in the cambial zone) was observed in
this period. Carlsbecker & Helariutta (2005)
suggested that IAA is one of the main stim-
ulants for meristematic function of the
cambium and, at the same time, a regula-
tor of cells in radial growth; this was also
confirmed in this study, as we recorded the
greatest frequency of cells at the cell en-
largement stage when the highest value of
IAA concentration was detected. The same
conclusion was reached by Sieburth & Dey-
holos (2006). Cells formed in this period
had the largest total radial dimensions. The
effect of IAA on the formation and differ-
entiation of EW in Pinus resinosa was
proved by Larson (1964), who associated
this effect with phenology stages of assimi-
lation organs (growth and lignification of
shoots).

According to Uggla et al. (2001), de-
creases in IAA concentrations had no influ-
ence on the end of cambial activity, since
this is mostly controlled by environmental
parameters. The amount of IAA in the cam-
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bial zone in the middle of summer nearly
corresponded with the amount of IAA in
the dormant cambium in the middle of win-
ter. Uggla et al. (1996) analysed the IAA
concentration gradient in the radial direc-
tion of tissues of formed annual increment,
observing the most intense IAA concentra-
tions during the strongest expansions of
xylem cells and the beginning of their sec-
ondary thickening. An increasing number
of cells in the cambial zone correlates with
an increasing number of xylem cells form-
ed; thus, the number of forming xylem
cells in the radial direction is not in direct
correlation with the mitotic activity of cam-
bium, but with the concentration of IAA it-
self (Gregory 1971, Uggla et al. 1996).

Furthermore, our results indicated that at
the moment when I|AA concentration
started to decrease significantly, LW with
significantly smaller radial dimensions and
thicker cell walls started forming. Never-
theless, Uggla et al. (2001) observed that
the initiation of LW formation is not a con-
sequence of reduced IAA concentration,
but it is a change in radial gradient in form-
ing tissues, describing this phenomenon by
the reduction of the distribution path in
the radial direction, when the IAA is con-
centrated only to the area of cambium and
emerging daughter cells in the meristem-
atic stage. Hence, the formation of LW is
assisted by maturing cells that are no
longer in the active zone of IAA, which
then only supplies the area of cambium. A
sharp decrease in IAA concentration was
observed at the transition between the
zone of cell enlargement and cell second-
ary thickening; thus, LW is formed in the
period with significantly restricted IAA sup-
ply (Uggla et al. 2001). However, no signifi-
cant decrease in IAA concentration was ob-
served during LW formation in our study.
Contrarily, LW started to form after the pe-
riod of the most intense supply of IAA and
soluble carbohydrates. Based on the litera-
ture, I1AA had no effect on cell maturation
(Sundberg et al. 2000, Bhalerao & Bennett
2003). Savidge (1991) reported that IAA has
no direct relation to lignification during
xylem formation in Larix laricina (Du Roi) K.
Koch. In our study, at the point of highest
IAA concentration, the stage of cell sec-
ondary thickening started, as did LP forma-
tion. It was confirmed for phloem cells that
at the time with the highest values of IAA
contents, LP cells had already begun to
form.

Larson (1964) also stated that LW started
forming only after shoots and new needles
had been formed, which corresponds with
the amount of allocated carbohydrates in
Pinus sylvestris found in Sobesice in 2015.
We found that the concentration of soluble
carbohydrates culminated in Sobesice (in
2015) two weeks after maximum IAA con-
centration. The curve of cambial activity
nearly copied the trend of the concentra-
tion of soluble carbohydrates. This effect
has also been confirmed by the Gompertz
function (graph of the first derivative): at

the time of the maximum concentration of
carbohydrates, the fastest cell increment
was recorded. This was also the period
when the strongest expansion (the highest
number of cells) at the secondary thicken-
ing stage was observed. When Scots pine
grows in temperate ecosystems, the LW
tissues spend the most time at the stage of
cell secondary thickening compared to EW.
This also confirms the reason for the
greater thickness of their cell walls. This
phenomenon has been described by Sund-
berg et al. (1987) and Funada et al. (2001),
who explain the greater thickness of LW
cell walls by a higher allocation of assimi-
lates and a longer time for formation of the
secondary wall.

Xylem cell maturation is significantly influ-
enced by the concentrations of glucose
and fructose. Uggla et al. (2001) observed
the highest concentration of these carbo-
hydrates in maturing tracheids while de-
tecting the highest content of another sol-
uble carbohydrate, sucrose, in the area of
phloem. Due to overall low seasonal vari-
ability, a momentary increase in concentra-
tions of soluble carbohydrates was not
considered to be the main stimulant for LW
formation. However, it was reported as an
important element affecting the vascular
development of forming tissues (Uggla et
al. 2001). According to Sheen et al. (1999),
soluble carbohydrates are not only a
source of energy for maturation of cells
but also growth regulators facilitating the
general interactions between plant hor-
mones and carbohydrates.

Uggla et al. (2001) observed the highest
values of soluble carbohydrate concentra-
tions in the area of phloem. This value
dropped sharply at the transition between
the zones of phloem and cambium. Our
findings show that the greatest intensity of
phloem cell increment was demonstrated
almost a month earlier than the recorded
maximum increment of xylem cells. It is
therefore a period of phloem cell forma-
tion, in which the secondary wall of xylem
cells has not started to develop, and the
concentrations of IAA and soluble carbohy-
drates have not reached their maxima.
Therefore, most phloem cells were formed
before the maximum concentration of nu-
trients, which confirms that phloem, which
is crucial to tree survival, must be primarily
formed so that nutrients can be distributed
and xylem tissues formed (Evert 2006, Taiz
& Zeiger 2006).

Conclusions

Xylem and phloem formation depends on
several aspects, particularly a combination
of exogenous and endogenous factors,
brought about by a complex of natural site
conditions and genetic predisposition. Al-
though these two tissues have different
primary functions, their activities are mutu-
ally interlinked in a functional complex (Ev-
ert 2006). However, annual increment of
phloem is much more significant for vitality
and viability of a tree (Evert 2006, Taiz &
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Zeiger 2006, Gri¢ar et al. 2009). The results
suggest that when IAA concentrations in-
creased or decreased, important changes
in the activity of xylem and phloem oc-
curred, including the highest cambial activ-
ity and the beginning and end of cell for-
mation. At the time when the highest con-
centrations of soluble carbohydrates were
measured, significant processes of cell for-
mation were observed (e.g., the progress
of cambial activity, the occurrence of first
lignified tracheids). Nevertheless, a signifi-
cant drought period was demonstrated in
SobeSice during 2015, which probably in-
hibited IAA transport. Therefore, consider-
able deviations in IAA concentrations oc-
curred. This fluctuating trend influenced
the cell differentiation stages. These re-
sults indicate that IAA concentration
mainly affects cambial division (cytokine-
sis) and initiation of particular differentia-
tion stages. Further, IAA concentration in-
fluenced length of phloem cell formation.
Although it is known that IAA concentra-
tion and soluble carbohydrate values do
not affect length of cambial activity and
the transition from EW to LW formation,
the metabolic processes of these sub-
stances affect the developmental differen-
tiations of tissues. These processes, which
affect the changes in individual differentia-
tion stages, are thus mainly affected not by
the amounts, but rather, by the changes in
IAA concentration and soluble carbohy-
drate gradients.
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