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Abstract
Our understanding of the developmental changes that occur during top leader elongation in gymnosperms lags behind 
that in angiosperms. We developed a semiquantitative method for determining epidermal cell size, by measuring the Feret 
diameter after cell wall staining of stem epidermal peels. This method allowed a large number of cells to be measured at 
various locations in the top leader of the Christmas tree Abies nordmanniana. Further, we have identified the growth rate 
of individual sections of the top leader, and the relationship between cell length and needle arrangement throughout the top 
leader. At bud break, all stem units begin to elongate simultaneously, but growth ceases from the base upwards during top 
leader elongation. Long top leaders were characterized by having up to three times as long cells at the base compared to 
short top leaders, whereas the cell lengths were similar in the apical region independent of the given plant growth capacity. 
In the basal sector, the level of auxin was much higher, whereas the levels of cytokinins were lower than in the apical sector, 
causing the auxin/cytokinin ratio to change from about 3 in the apical sector to more than 20 in the basal part. The Fibonacci 
number changed in the apical sector due to an increased cell number in the stem units and therefore longer distance between 
the needles. We conclude that the general growth pattern during top leader elongation in A. nordmanniana is similar to 
angiosperms but differs at the cellular level.
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Introduction

Conifers belong to an ancient group of seed plants that differ 
from angiosperms at the physiological and morphological 
level (Chen et al. 1996; Liesche et al. 2011; Tillman-Sutela 
and Kauppi 2000). In conifers, the yearly growth cycle is 
spread over two growing seasons, in the sense that a non-
elongating shoot initial is formed within the apical meristem 
each year, but the elongation thereof does not occur until the 

following year (Chen et al. 1996; Hejnowicz and Obarska 
1995). In angiosperms, these two processes occur simultane-
ously during the growth season.

The fundamental shape of a plant is predetermined by its 
meristems, yet its final size is controlled by coordinated cell 
division and elongation processes (Willis et al. 2016). The 
development of the shoot apical meristem (SAM) in angio-
sperms is well documented (Willis et al. 2016), whereas 
the knowledge of these processes in gymnosperms is more 
limited. In angiosperms, stem cells are located in the central 
zone at the very tip, whereas the peripheral zone consists of 
the epidermal (L1) and subepidermal (L2) layers. The size 
of the meristem is regulated by cytokinins by controlling 
the pool of undetermined cells in the apical meristem and 
brassinosteroids that maintain the meristematic boundaries 
between SAM and the epidermal L1 layer (Savaldi-Goldstein 
et al. 2007; Zadnikova and Simon 2014). Auxin accumula-
tion in the L1 layer is regulated by the PIN1 auxin efflux 
carrier whereby location of the leaf initials is controlled and 
thus the phyllotaxis of the shoot. Whether this is also the 
case in gymnosperms is yet to be uncovered. Petals, sections, 
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seeds or leaves are often arranged in a spiral arrangement 
around a stem, and this arrangement can be described by 
the Fibonacci number (a sequence of numbers where each 
number is the total of the previous two numbers added 
together). The basis for the spiral development is asymmet-
ric cell divisions in the meristems. This occurs as one of the 
newly divided cells begins maturation, whereas the other 
continues to divide. The spiral growth comes about if the 
cell division time differs from the maturation time (Boman 
et al. 2017; Brousseau 1969). The Fibonacci number remains 
constant as long as the relationship between cell division 
and maturation time remains constant (Boman et al. 2017). 
In conifers, it is generally accepted that the needle phyl-
lotaxis is predetermined in the primordial first-year shoot 
(Sutinen et al. 2009). The Fibonacci number may thus reflect 
the developmental stability within the meristem during the 
time of development.

After bud break, the driving force for internode elonga-
tion originates from the internal turgor pressure, primarily 
the pith cells, whereas the epidermal cells restrict growth 
(Kutschera and Nikas 2007). In the young angiosperm inter-
nodes, cell division is maintained by a low auxin/cytokinin 
ratio, but it ceases at the time when the maximum rate of 
internode elongation is observed. From then on, further 
growth only occurs as cell elongation (Maksymowych et al. 
1989). Stem growth in angiosperms is thus an ongoing pro-
cess that continues over several nodes, but changes character 
as the distance from the apical meristem increases.

In the shoot of most conifers such as spruce, pine and 
fir, needle insertions into the top leader generally lack axil-
lary buds (Veierskov et al. 2008). Thus, the terms node and 
internode are not applicable terms for these plants; instead, 
the term stem unit is used. When annual growth is initi-
ated, the stem units throughout the primordial shoot begin to 
elongate at the same time (Baxter and Cannell 1978). How-
ever, to reach the final size, additional cell divisions most 
likely occur within the stem units (Hejnowicz and Obarska 
1995). The goal of the present paper is to answer the ques-
tion whether growth of the top leader of Nordmann fir occurs 
by the simultaneous elongation of all stem units throughout 
the growth period, or by a gradual, basipetal elongation as in 
angiosperms and further to determine whether cell division 
and maturation within the stem units are stable throughout 
the development of the top leader.

Materials and Methods

The plant material originated from 8-year Abies nord-
manniana Spach prov. Ambrolauri trees grown at a com-
mercial Christmas tree farmer in Malling, Denmark as 
described by (Rasmussen et al. 2003). The plants were 

grown under ambient weather conditions. Top leaders 
were collected from the growing seasons 2014 and 2015.

Growth Determinations

On June 28, 2014, 40 plants with a top leader length of 
125 mm were selected. The top leaders of these plants 
were divided into three equal sections (apical, middle or 
basal sector, Fig. 1) by ink marks, and the length of each 
section was monitored weekly until September 1. Needle 
distance was then measured with a vernier caliper on the 
top leaders.

On June 3rd 2015, 100 plants of similar developmental 
stage were selected. On July 15, the length of the top leaders 
was determined, and the plants grouped according to length. 
Five top leaders from each of the groups, short (approx. 
90  mm), medium (approx. 130  mm) and long (approx. 
270 mm) were selected.

Each top leader was divided into five sample points for 
epidermis cell length determinations (Fig. 1). The size of 
the epidermal cells was measured at the apical and basal 
part of each top leader for a total of approx. 700 cells for 
each top leader, as described under quantitative microscopy. 
Epidermis sections from sample point 5 within a long top 
leader were fixed and stained with 4,6-diamino-phenylindole 
(DAPI) for visualization of mitotic activity (Powikrowska 
et al. 2014).

On July 15, five top leaders from the groups 90 mm or 
270 mm long were harvested for hormone determination. 
From each size group, 10 mm sections from sample point 1 
and 5 were excised, pooled and immediately frozen in liquid 
nitrogen and kept at − 80 °C until used for hormone analysis 
as described by (Rasmussen et al. 2009).

Growth‑Regulated Plants

On June 25, 2014, growth season, 40 top leaders approxi-
mately 15 cm long were treated with 2 ml of a 1.5% solu-
tion (80 mM) Pomoxon ® (NAA, 1-Naphthalene acetic acid) 
with an Easy Roller System as described by (Rutledge et al. 
2009). On July 7, the top leaders were treated a second time 
according to standard growth regulating procedures used by 
commercial Christmas tree growers. On August 18, when 
top leader elongation had ceased, top leaders from 3 NAA 
treated and 3 untreated plants were harvested. The top lead-
ers of these plants were divided into 5 sample points (see 
Fig. 1), and needle arrangement was determined in each of 
these sample points. Cell length was determined for each 
plant for approximately 50 epidermis cells from the top 
(sample point 1) and for base (sample point 5) as described 
under quantitative microscopy.



1356 Journal of Plant Growth Regulation (2019) 38:1354–1361

1 3

Quantitative Microscopy

Epidermis areas, 1 × 0.5 cm, were peeled off with a fine for-
ceps from the basal part of the shoot (sample point 5) and 
the tip part (sample point 1) just below the bud. Epidermis 
peels were fixed for 15 min in glutaraldehyde–formaldehyde 
solution and stained with the fluorescent dye Coriphosphine 
O for visualization of cell walls. Images were recorded in 
a Nikon DM fluorescence microscope at 10× magnifica-
tion using a UV excitation filter (380–420 nm) with LP450 
emission and analyzed using Image J software (https ://
image j.nih.gov/ij/, 1997–2016). A semi-automated analysis 
was devised for measuring the maximum Feret diameter. 
Images were obtained with a digital camera and converted 
into binary format with ImageJ. The following commands 
were used for the conversion;:grey mode, threshold and 
watershed. Due to dense cytoplasm in the top sector cells, 
the cell interior was manually separated from cell wall out-
line in some images. This operation was performed after 
thresholding not interfering with image interpretation. The 
 Feretmax diameter (termed Feret diameter in the text) from 
the total number of intact cells was then obtained with the 
analyse command. The images were converted into binary 
representations and analyzed to determine the Feret diameter 
of individual cells. The image analysis method was accurate 
as seen by overlaying the binary outlined image onto the 
original (data not shown). The results were directly loaded 
into Excel spreadsheet program for analysis.

Phytohormone Analysis

Phytohormones were extracted from around 200 mg (FW) 
plant material ground in liquid nitrogen with 1.25 ml 85% 
(v/v) methanol containing 4 µl of internal standard mix con-
taining 88 pmol (2H5)tZ and 216 pmol (2H6)ABA. Sam-
ples were thoroughly vortexed, incubated for 30 min at 4 °C, 
and centrifuged (20,000g, 4 °C, 15 min). Supernatants were 
passed through C18 columns (Chromafix, Macherey–Nagel, 
Düren/Germany) after pre-equilibration with three times 
3 ml 80% (v/v) methanol and flow-throughs were collected 
and kept on ice. Extraction was repeated with 1.25 ml 85% 
(v/v) methanol, and second extracts were passed through 
the same columns. The combined extracts were concen-
trated using a SpeedVac. The residues were dissolved in 
1 ml 20% (v/v) methanol by brief sonication and filtered 
(MultiScreenHTS; EMD Millipore, cat no. MSGVN 2250). 
Phytohormones were analyzed by UHPLC/TQ-MS on an 
AdvanceTM-UHPLC/EVOQTMElite-TQ-MS instrument 
(Bruker) equipped with a C-18 reversed phase column 
(Kinetex 1.7 u XB-C18, 10 cm × 2.1 mm, 1.7 µm particle 
size, Phenomenex) by using a 0.05% formic acid in water 
(v/v), pH 4.0 (solvent A)–methanol (solvent B) gradient at 
a flow rate of 0.4 ml/min at 40 °C. The gradient applied was 
as follows: 10–50% B (15 min), 50% (2 min), 50–100% B 
(0.1 min), 100% B (2.9 min), 100–10% B (0.1 min), and 
10% B (5 min). Compounds were ionized by ESI with a 
spray voltage of + 4500 V and − 4000 V in positive and 

Fig. 1  Morphological character-
ization of an A. nordmanniana 
top leader. A: apical bud before 
bud break. B: the expanding top 
leader after bud break. C: the 
270-mm-long top leader divided 
into 3 sectors for determina-
tion of growth rates, and into 5 
sample points for determination 
of cell size and hormone com-
position. D: needle distribution 
at sample point 1. E: needle 
distribution at sample point 5. 
Bar = 10 mm

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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negative mode, respectively, heated probe temperature 
350 °C, cone temperature 300 °C. Quantification was based 
on response factors relative to (2H5)trans-zeatin (positive 
mode) and (2H6)abscisic acid (negative mode). The indi-
vidual hormones were monitored based on the following 

MRM transitions: (2H5)trans-zeatin, (+) 225 > 137 [15 V]; 
(2H6)abscisic acid, () 269 > 159 [7 V]; dihydrozeatin, (+) 
222 > 136 [15 V]; indole-acetic acid, (+) 176 > 130 [10 V]; 
 N6-Δ2-(isopentenyl)adenine, (+) 204 > 136 [10 V]; tZ, (+) 
220 > 136 [15 V]; trans-zeatin riboside, (+) 352 > 220 [15 
V]; trans-zeatinriboside-O-glucoside, (+) 514 > 382 [15 V].

Results

In A. nordmanniana, a complete shoot initial is present 
within the bud, and at budburst all the needle initials appear 
simultaneously (Fig. 1A, B). However, during the top leader 
elongation, needle distance becomes uneven (Fig. 1D, E). 
Not only the needle distance varied between the base and 
top of the top leader (Fig. 1; Table 2), but so did the daily 
growth rate. At the base, the fastest growth rate was 2.4 mm 
per day obtained July 7, and the growth stopped by July 21. 
In the middle and top sections, the growth rate peaked July 
14 at a rate of 10.8 and 21.6 mm per day, respectively. How-
ever, whereas the growth at the middle section had ceased 
by August 11, growth continued in the top section until early 
September (Fig. 2). Determining the length of the epidermis 
cells revealed that the cells at the basal sample point 5 were 
longer than the cells at the apical sample point 1 (Fig. 3), and 
a long top leader coincided with longer cells at basal sample 
point 1. The same was observed in the apical sample point, 
but only as a tendency (Fig. 5). For image analysis, operator 

Fig. 2  Stem elongation of the top leader of A. nordmanniana during 
the growth season. Top leaders with a length of 125 mm were divided 
into 3 sectors at June 28th 2014 (day 188). The daily growth was 
determined until September 1 for each sector (filled square: basal sec-
tor; filled triangle: middle sector; times: apical sector) and the entire 
top leader (open circle). N = 40 of different top leaders; values give 
mean ± SD

Fig. 3  Grey-level images of A. nordmanniana stem epidermis peels 
after staining with coriphosphine. a, b Cells from the apical sector 
of a short and a long top leaders, respectively. c, d Cells from the 
basal sector of a short top leader and a long top leader, respectively. 
The yellow lines show examples of Feret diameter (c, d). Note that 

cytoplasm and nucleus (arrow) are visible in the epidermis from short 
stem (c). AS and AL: sample point 1 within the apical sector of short 
(90 mm) and long (270 mm) top leaders. BS and BL: sample point 5 
within the basal sector of short (90 mm) and long (270 mm) top lead-
ers. Bar = 100 µm. (Color figure online)
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intervention was necessary wherever nuclei and cytoplas-
mic strands had similar fluorescence intensity levels as the 
cell walls (Fig. 3c), or if the cells were small with dense 
cytoplasm (Fig. 3a), or to separate erroneously joined cells 
(Fig. 4c). Detailed studies of the distribution of the length 
of epidermal cells in short, medium and long top leaders 
showed that in short top leaders the distribution in all three 
sectors was very narrow (between 10 and 60 µm), whereas 

in the basal sector of medium and long top leaders a huge 
variation in cell length was determined (between 25 and 
260 µm, Fig. 6). Hormonal analysis showed that the auxin 
level was much higher in the basal sample points compared 
to the apical sample point independent of the length of the 
top leader (270% and 143% in short and long top leaders, 
respectively). In the apical sample point of long top leaders, 
the level of auxin was 450 times higher compared to short 
ones (Table 1). Contrary to auxin, the levels of cytokinins 
were highest in the apical sample point compared to the 
basal sample point (280% and 745% for short and long top 
leaders, respectively). Although the actual level of auxin and 
cytokinin varied considerable between short and long top 
leaders (Table 1) the auxin/cytokinin ratio remained low in 
the apical sample point independent of the length of the top 
leader (2.7 and 3.72 in short and long top leaders, respec-
tively). In the basal sample point of short as well long top 
leaders, the ratio had increased nearly by a factor 10 (21.5 
and 39.4, respectively, Table 1).

When plotting the individual cell lengths, it became evi-
dent that the variation is much smaller in short top leaders 
(25–75 µm) than in long ones (50–270 µm) (Fig. 6). In sec-
tor 1, the epidermis Feret diameter increases exponentially 
(R2 = 0.9994) with the length of the shoot, indicating that 
increased cell length is a major cause of the final size of the 
top leaders. This difference caused the Fibonacci number 
to decrease from about 14 to 8. In top leaders treated with 
auxin (Pomoxon®), the commercial growth regulator in 
Christmas trees, the Feret diameter decreased equally at the 
top and basal sample point by about 1/3 and caused the dis-
tance between the rows of needle to become equal at the top 
and basal sample point (Table 3). However, the Fibonacci 
number was not influenced by the auxin treatment (Table 3).

Fig. 4  Semiautomatic image 
analysis of epidermis cell 
dimensions from A. nordmanni-
ana top leaders sampled in the 
elongation period. The original 
fluorescence image from sample 
point 5 within a basal sector of 
a long top leader (a) was con-
verted into a grey-level image 
and segmented into cell lumen 
(b). In the case of discontinu-
ous cell wall outlines, as seen 
in the red, orange and yellow 
areas (c), these were adjusted 
manually. The epidermis cells 
were analyzed while excluding 
incomplete cells at image edges 
(d). Bar = 100 µm. (Color figure 
online)

Fig. 5  Relationship between the length of top leaders in A. nord-
manniana and the size of epidermis cells. Cell size was determined 
as Feret diameter. Each value is the average of minimum 350 cell 
measurements from 3 individual plants harvested in June 2015. A: 
sample point 1 within the apical sector, B: sample point 5 within the 
basal sector, S: short top leaders (90  mm), M: medium top leaders 
(130 mm), L: long top leaders (270 mm). Bars denote 95% confident 
limits
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Discussion

Control of top leader elongation is of high importance for the 
commercial Christmas tree (A. nordmanniana) production. 
However, our understanding of the developmental changes 
that occur during top leader elongation in conifers lags 
behind our understanding of these processes in angiosperms. 
The Christmas tree, A. nordmanniana, has determined 
annual shoot growth. The growth capacity of the top leader 
is determined during bud developed the previous season by 
the number of stem units being initiated. The annual growth 
is thus restrained by the number of stem units being present 
within the shoot initial at the time of bud burst. However, in 
Picea abies it has been shown that the growth of the shoot 
initial depends on elongation of individual cells within each 
stem unit as well as additional cell divisions (Hejnowicz and 
Obarska 1995). Our study supports this finding, but reveals 
that the pattern of cell division and elongation differ between 
the base and top of the top leader. The fastest growth rate of 

the total top leader (21.6 mm/day) was observed mid-July. 
It was only the upper two-thirds of the top leader that was 
responsible for this rapid growth. The steep change in the 
growth curve for the middle section (Fig. 2) indicates that 
mainly cell elongation of the stem units is the cause of this 
rapid stem elongation. After mid-July, growth mainly occurs 
in the upper apical sector where a more stable growth rate 
indicates that a combination of cell division and elongation 
occurs (Table 2). The bell-shaped growth curve of the entire 
top leader accordingly had a pronounced right shoulder 
caused by a 4 weeks longer growth period in the apical sec-
tor compared to the basal and middle sectors (Fig. 2). This 
longer growth period is probably sustained by a high level 
of cytokinins present in the SAM in the last part of the top 
leader elongation period (Rasmussen et al. 2010). Further-
more, it is during this period of growth that the Fibonacci 
number is halved from about 14 to 7 in the upper 2 sam-
ple points (Table 2). All needles appear immediately after 
bud break, where the spiral arrangement can be observed 
(Fig. 1A, B). The observed change in the spiral composition 
in the upper two sample points, and therefore the Fibonacci 

Fig. 6  Distribution of cell sizes 
within the stem epidermis 
layer of A. nordmanniana top 
leaders of different length. The 
measurements are made as Feret 
diameter. Dotted lines show 
the apical sector and solid lines 
show the basal sector. S: short 
top leaders (90 mm, times), M: 
medium top leaders (130 mm, 
open circle), L: long top leaders 
(270 mm, filled triangle). A: 
sample point 1 within the apical 
sector, B: sample point 5 within 
the basal sector

Table 1  Level of auxin and cytokinins in top leaders of A. nordmann-
iana 

Five top leaders of 90 mm and 270 mm were harvested July 15, 2015. 
From each size group, 10-mm stem sections from sample point 1 and 
5 were analyzed for content of IAA and cytokinins (sum of t-zeatin, 
t-zeatinriboside, t-zeatinriboside-O-glucoside, dihydrozeatin and iso-
pentanyladenine). Different letters indicate significant differences by 
Student’s t test

Top leader 
length (mm)

Sample point IAA 
(pmol g 
 FW−1)

Cytokinins 
(pmol g 
 FW−1)

IAA/cyto-
kinin ratio

90 1 (apical) 310a 114a 2.70
90 5 (basal) 860b 40b 21.5
270 1 (apical) 1404c 380c 3.72
270 5 (basal) 2011c 51b 39.4

Table 2  Morphological characterization of top leaders at the end of 
the growing season (September 1, 2014)

For sample points, see Fig. 1. Data are means of 20 measurements on 
five different top leaders and given as means ± SD

Sample point Untreated top leaders

Distance between two rows 
of needles, mm

Fibonacci number

1 14.6 ± 3.1 7.3 ± 1.3
2 17.5 ± 6.5 8.7 ± 2.6
3 14.9 ± 4.0 12.4 ± 3.5
4 11.3 ± 2.9 13.7 ± 2.9
5 8.7 ± 2.9 13.8 ± 8.8
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number may be a consequence of new meristematic activity 
initiated in the upper two sample points within the exist-
ing stem units. This has caused the rate of cell division and 
maturation time to differ from the processes that occurred 
in the developing bud the previous year during bud initia-
tion in the fall.

In Nordmann fir, the level of auxin varies considerably 
during the elongation period of the top leader. In mid-July, 
the auxin level peaks at about 900 pmol g  FW−1 in the mid-
dle sector of the top leader (Rasmussen et al. 2010), cor-
responding to the period of maximal daily growth in this 
sector (Fig. 2). The auxin needed for stem unit elongation 
most likely originates from the developing needles, as the 
level of auxin in the terminal bud is below detection limit 
during the period where the top leader elongates (Rasmussen 
et al. 2010). The alteration in the auxin/cytokinin ratio we 
have determined between the bud and stem (Veierskov 2018, 
Table 1) is most likely the cause of the variation in the rate 
of cell division and maturation that resulted in the observed 
changed Fibonacci number.

As it is the epidermal cells that restrict stem elongation, 
we have measured the Feret diameter of the epidermal cells. 
Even though the Feret diameter is not a direct volume esti-
mate, we consider it a relevant measure for comparing cell 
elongation in different tissues. Cells in the apical sectors 
were shorter and more isodiametric than at the base regard-
less of top leader length (Figs. 3, 5). Epidermal cell anisot-
ropy and size increased toward the basal sector (Figs. 3, 5) 
where cells had a more undulating contour (Figs. 3d, 4a).

The presence of the longest epidermal cells in the basal 
sector (Figs. 3, 5, 6) might thus be caused by the high level 
of auxin during the early elongation phase, as the growth 
of this sector mainly occurs until the top leader has reached 
40% of its final length (Figs. 1, 2). The smaller cells (Figs. 3, 
5, 6) and the increased distance between needles towards 
the apical meristem (Table 2) also correspond to the altered 
auxin/cytokinin ratio observed in the apical part of the top 
leader compared to the basal part (Table 1) as a high cyto-
kinin level stimulates cell division (Veierskov 2018; Werner 
et al. 2001), whereas the low auxin levels diminish the abil-
ity of the cells to elongate.

In conifers, it has been described that the Fibonacci num-
ber may change in an elongating shoot due to an increased 

elongation of the stem units (Cannell and Bowler 1978). 
However, this experiment showed that the application of 
the auxin NAA decreases the Feret diameter by one-third, 
and thereby the distance between the needles, but without 
affecting the Fibonacci number (Table 3). This shows that 
the decreased Fibonacci number in the apical sector is not 
caused solely by increased cell elongation, but by de novo 
cell division and elongation in the existing stem units which 
having an altered maturation time. Further, it indicates that 
mode of action of NAA is on the process of cell elongation 
rather than cell division.

When epidermal peels from short (90 mm), medium 
(130 mm) or long (370 mm) top leaders were compared, the 
epidermis cells were longest at the base of the top leader, 
independently of its growth capacity. At the same time, the 
average cell length in this sector reflected the growth capac-
ity and the auxin level in the leader. In the basal sector of a 
short top leader, cell length was less than half of that deter-
mined in a long top leader (25 vs. 110, Fig. 6).

Conclusion

Our data on the course of top leader growth show that the 
daily growth rate of all sections peaked at the time when 
the top leader had reached 40% of its final length. The basal 
sector contained the longest cells although the daily growth 
rate and needle distance were low here (Fig. 2), indicating 
a low rate of cell divisions, supported by a high auxin/cyto-
kinin ratio. In the apical region, long distance between the 
needles and the shortest cells indicates a high rate of cell 
divisions in the stem units, sustained by a low auxin/cyto-
kinin ratio. As the application of auxin to the top leaders 
also caused the needle distance to decrease, we conclude 
that in A. nordmanniana the auxin/cytokinin ratio controls 
stem unit elongation by regulating cell elongation as well as 
cell division. Contrary to angiosperms, where the phyllotaxi 
occurs in a continual self-organizing progression generated 
by the strict hormonal control of organ and tissue devel-
opment within the meristem during shoot growth (Cannell 
and Bowler 1978; Jonsson et al. 2006; Murray et al. 2012; 
Reinhardt et al. 2003). The changes in the phyllotaxi in A. 

Table 3  Effect of NAA 
on epidermis cell size and 
morphology of top leaders

For sample points, see Fig. 1. Data are mean of three individual plants, and the diameters are mean of 100 
cells ± SD

Sample point NAA-treated top leaders

Decreased Feret diameter 
(%) (compared to control)

Distance between two rows of 
needles, mm

Fibonacci number

1 39.9 ± 5.1 8.7 ± 0.4 (control 14.6 ± 3.1) 8.8 ± 0.3 (control 7.3 ± 1.3)
5 31.8 ± 2.5 8.8 ± 1.7 (control 8.7 ± 2.9) 12.3 ± 3.0 (control 13.8 ± 8.8)
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nordmanniana are probably due to cell division and elonga-
tion within the stem units during the last part of top leader 
elongation. Furthermore, the growth of the top leader of 
Nordmann fir occurs by a gradual, basipetal elongation as in 
angiosperms. We expect that our observations are reflecting 
growth and development in related genera having buds with 
preformed shoot initials.
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