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ABSTRACT

New observations of radial sieve tubes in the secondary xylem of two genera
and four species of agarwood — Aquilaria sinensis, A. crasna, A. malaccensis and
Gyrinops versteeghii (Thymelaeaceae) — are presented in this study. The earliest
radial sieve tubes in Gyrinops are formed in the secondary xylem adjacent to the
pith. The radial sieve tubes originate from the vascular cambium and develop in
both uniseriate andmultiseriate ray tissue. In addition to sieve plates in lateral and
end walls, scattered or clustered minute sieve pores are localized in the lateral wall
of radial sieve tubes. There is a direct connection between radial sieve tubes in ray
tissue and axial sieve tubes in interxylary phloem strands (IP), such as (i) connec-
tion by bending of radial sieve tube strands, (ii) connection of two IP strands by
an oblique bridge, and (iii) connection of two IP strands at a right angle. The av-
erage number of radial sieve tubes and interxylary phloem was found to be 1.7 per
mm3 and 9.1 permm2 in the secondary xylem. Considering the higher frequency of
radial sieve tubes with the increasing thickness of the secondary xylem, the direct
connections between radial and axial sieve tubes could play a significant role in
assisting the translocation of metabolites in Aquilaria and Gyrinops.

Keywords: sieve plate; sieve pore; interxylary phloem; agarwood; callose; FE-SEM.

INTRODUCTION

The vascular cambium forms the secondary vascular tissues, secondary phloem and sec-
ondary xylem (Evert 2006; Angyalossy et al. 2016). The majority of tree species produce

© International Association of Wood Anatomists, 2019 DOI 10.1163/22941932-00002103
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only one kind of phloem outside the vascular cambium, that is, secondary (or external)
phloem, which is predominantly involved in the translocation of photosynthetic products.
However, many species belonging to several families, including many lineages of lianas,
produce interxylary phloem in addition to the regular secondary phloem (Chalk & Chatt-
away 1973; van Veenendaal & den Outer 1993; den Outer & van Veenendaal 1995; Carlquist
2002, 2010, 2013; Patil & Rajput 2008; Rajput et al. 2009, 2013; Mohamed et al. 2011; Patil et
al. 2011; Angyalossy et al. 2012, 2016). Recently, it was suggested that a third type of phloem,
the intraxylary phloem, could play a predominant role in translocating reserve food or
photosynthetic products, especially before the differentiation of interxylary phloem (IP)
in young shoots (Luo et al. 2019). Commonly in Aquilaria and Gyrinops, IP strands are iso-
lated from each other and embedded in the secondary xylem as scattered islands. Even
in the vertical direction, the termination of the IP strands do not connect to the other
IP strands. So far, it was not known as to how a sieve tube in an isolated IP strand could
translocate photosynthates to other IP strands. One possibility being the presence of ray
parenchyma tissue passing through the discrete phloem islands in secondary xylem. Re-
cently, Pfautsch et al. (2015) suggested that functional links between xylem and phloem
transport can be facilitated by radially aligned and interconnected ray parenchyma tissue.
Whether this suggestion is applicable to species that produce IP for facilitating the translo-
cation of photosynthates is here elucidated.

Radial sieve tube elements have been reported in different genera and these have been
grouped into at least three categories depending on the mechanism by which they are
formed. The three categories are (1) naturally developed radial sieve elements in secondary
phloem (Chavan et al. 1983; Rajput & Rao 1997; Rajput 2004; Angyalossy et al. 2012), (2) nat-
urally developed radial sieve elements in secondary xylem (Den Outer & Veenendaal 1981;
Lev-Yadun & Aloni 1991; Angyalossy et al. 2012; Gondaliya & Rajput 2016), and (3) artifi-
cially or traumatically induced radial sieve elements (Sharma et al. 1980; Aloni & Barnett
1996). Recently, we found radial sieve tubes in the rays of the secondary xylem in Aquilaria
malaccensis,A. sinensis,A. crasna andGyrinops versteeghii (Thymelaeaceae,Malvales). The
present study describes the occurrence and structure of radial sieve tubes, in these four
well-known agarwood species.

MATERIALS ANDMETHODS

The materials studied came from different species, provenances, and stem diameters (see
Table 1).

All samples were immediately fixed in 4% formaldehyde. Transverse, radial and tangen-
tial sections of 6–8 μm thickness, from different internodes embedded in paraffin, were
obtained using a rotary microtome (Leica RM2145). Meanwhile, cross, radial and tangen-
tial sections of 15–25 μm thickness were obtained from small shoots and blocks embedded
in polyethylene glycol (PEG) 1500 using a slidingmicrotome (Yamato-Koki Co Ltd, TU-213).
For fluorescence microscopy, sections were stained with 0.005% (weight/volume) aniline
blue in 0.15 M K2HPO4 at pH 8.2 for 30 min at room temperature (Currier & Strugger
1956). For double staining, sections were stained with 0.5% safranin for 4 hours followed
by 1-minute 0.5% fast green staining, or with compound dye including 1.0% safranin and
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Table 1.
A list of agarwood specimens used in this study.

Specimen No. Material

Stem diameter Species, age and provenance

I 1st to 15th internodes Collected from the main stem of a 10-year old tree of
Aquilaria sinensis cultivated in the greenhouse of
Southwest Forestry University, Kunming, P.R. China.

II 3 cm diameter branch Collected from the main stem of a 10-year old tree of
A. sinensis cultivated in the plantation of
Guangdong, P.R. China.

III Wood blocks Used in our previous studies (Luo et al. 2018) and
collected from the main stem of a 10-year old tree of
A. sinensis cultivated in the same plantation as II.

IV 1st to 10th internodes Collected from a branch and stem of 6-year old trees
of G. versteeghii, growing in the plantation of
Lombok island, Indonesia.

V 1.2 cm diameter branch Collected from the same tree described in IV.
VI Wood blocks Collected at breast height from the main stem of A.

crasna, A. microcarpa and A. malaccensis planted in
an agarwood plantation in Pekanbaru, Indonesia.

0.5% astra blue for 4 hours. Some of the aniline blue-stained sections with marked sieve
tubes used for fluorescence microscopy were washed and dehydrated by the normal pro-
cedure prior to freeze-drying. After freeze-drying, the sections were coated with platinum
at 30 mA for 90 s by means of an Ion Spattering Apparatus (JEOL JEC-3000FC) and exam-
ined by field emission scanning electronmicroscope (FE-SEM) (JEOL JSM-7800F) at 2.0 kV
accelerating voltage with a 9–10 mmworking distance.

For calculation of the number of radial sieve tube strands and interxylary phloem in
secondary xylem, serial cross sections weremade frommaterial (V). For counting the num-
ber of sieve tubes, preliminary testing was carried out, indicating that aniline blue staining
coupled with fluorescence microscopy gave the best results. Therefore, twenty-five serial
sections were stained with aniline blue and the number of radial sieve tube strands was
counted using fluorescence microscopic pictures. After this step, all slides were washed
with deionized water and double-stained with a mixture of safranin and astra blue. Then,
the cross-sectional images were photographedwith a stereoscopicmicroscope (WildM3Z)
and the whole area of the secondary xylem in individual sections was measured with im-
age J. Furthermore, the number of interxylary phloem was counted directly on the printed
figures of transverse sections.

RESULTS

Figure 1 shows a typical transverse sectional image of the 14th internode in A. sinensis. Ap-
proximately, four layers of IP are embedded in the secondary xylem (long double-headed
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Figure 1. Transverse section (TS) of fourteenth internode in Aquilaria sinensis, showing general
anatomy of the stem. C = cambium; IP = interxylary phloem; P = pith; PX = primary xylem; SX =
secondary xylem; SP = secondary phloem; white dots = intraxylary phloem.

arrow in Fig. 1)which is surroundedby the secondary phloem (short double-headed arrow),
being interrupted by the cambium. Primary xylem (arrow) and intraxylary phloem (white
dots) are located inside, between secondary xylem and pith. The size and distribution of IP
strands in the two genera does not show any differences. The presence of IP strands with a
tangential width wider than 400 μm and an axial length longer than 10 mmwas very com-
mon inG. versteeghii. It was also common that one to fifteen rays passed through individual
IP strands depending on their tangentialwidths. The structure anddevelopment of intraxy-
lary phloem in both genera is similar to our earlier observations on A. sinensis (Luo et al.
2019). Furthermore, not only the location and developmental sequences of IP strands, but
also the occurrence and structural characteristics of radial sieve tubes are also similar in
both genera.

Occurrence and structure of radial sieve tubes in Aquilaria and Gyrinops
Thedifferentiationof secondary xylemand IP inA. sinensis andG. versteeghii initiated in

the second and third internode respectively. Development of radial sieve tubeswas delayed
compared to the axial ones located in IP in these two species. Radial sieve tubes were rarely
observed in serial cross sections obtained from the third, sixth, and eleventh internodes of
A. sinensis; however, one radial sieve tube strand was found in a transverse section of the
fifteenth internode of Aquilaria. Occasionally, radial sieve tubes inGyrinopswere observed
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in the secondary xylem close to the pith (dotted ellipse in Fig. 2a). Radial section of a 6th
internode of G. versteeghii revealed a radial sieve tube that initiated differentiation in the
cambial zone (Fig. 2b). The figure shows two sieve plates that exhibit fluorescence in the
end wall of a radial sieve element (dotted ellipse).

Structural features of radial sieve tubes
Radial sieve tubeswere detected as several bright dots by callose staining on sieve plates

in Aquilaria and Gyrinops. These radial sieve tubes were found in uniseriate as well as in
multiseriate rays embedded in secondary xylemand they served as a bridge between two IP
strands (Fig. 2c). The radial sieve tubes in an uniseriate ray were similar, or slightly shorter
in length, than the ray parenchyma cells. Uniseriate rays that included a sieve tube were
slightly wider than the others (Fig. 3a). Multiseriate rays in Aquilaria and Gyrinops some-
times showeda groupof 2–4 sieve tube elements that occurred side-by-side inparallel rows.
Most of these sieve tubes had a slender cytoplasmic body and showedmore or less twisted
or bent shape. Radial sieve tubes are commonly associated with 1–2 companion cells and
form a functional unit similar to the axial sieve tubes in IP strands. Sieve plates (and sieve
areas) in radial sieve tubes were observed not only at their end wall, but also at their lateral
walls similar to axial sieve tubes in Aquilaria and Gyrinops. Figure 4a shows three spots of
bright fluorescence in the lateral (horizontal) wall of a radial sieve tube (arrows in white
circle). Generally, radial sieve tubes form one to four or more parallel strands. Figure 4a
shows four radial sieve tubes in a single ray. Sieve plates with dense contour and open pores
(suggesting doughnut-like deposits) inA.malaccensis provides direct evidence that the cell
coincides with a radial sieve tube embedded in the marginal or body ray cells (Fig. 3b).

Frequency of radial sieve tubes in the secondary xylem
The radial sieve tube strands in cross sections were observed at a relatively low fre-

quency compared to that of interxylary phloem strands in all sections examined in this
study. The frequency of radial sieve tubes and IP strands was investigated in branch wood
with 1.2 cm diameter of G. versteeghii, which already produced a large amount of IP. The
number of radial sieve tube strands were counted from 25 serial cross sections stained by
aniline blue and the number of IP was counted from 10 cross sections. Further, the area
occupied by secondary xylem was measured in transverse section after staining with com-
pound dye of safranin and astra blue. Table 2 shows the results of our measurements. The
total surface area measured in 25 transverse sections was 2811.9 mm2. The total number of
radial sieve tubes was found to be 97, irrespective of their length. The average number of
radial sieve tubes permm2 was 0.034. Fifty of 20 μm-thick sections can be cut in 1mm-thick
secondary xylem.Therefore, 1.7 radial sieve tubes is calculated permm3.On the other hand,
total number of IPwas 11 050 in total area of 1214.7mm2. The average number of interxylary
phloem was calculated as 9.1 per mm2.

Structural characteristics of minute sieve pores in radial sieve tubes
Scattered minute sieve pores independent from the sieve plate were observed in all

radial sieve tubes. These pores were stained by aniline blue, evidencing that they are sur-
rounded by a callose collar. Many such sieve pores were distributed randomly or in clusters
(sieve area) on the horizontal/lateral wall of radial sieve tubes, as shown in Figure 4b. The
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Figure 2. Fluorescence microscopy image taken after aniline blue staining. (a) TS of 1.2 cm-diameter
branchwoodof Gyrinops versteeghii shows theoccurrence of a radial sieve tube (dotted ellipse) bridg-
ing two IPs close to the pith. IP = interxylary phloem; P = pith. (b) Radial section (RS) in 6th internode
of G. versteeghii shows a differentiating radial sieve tube strand (dotted ellipse) in the cambium. C =
cambium; SX = secondary xylem; PF = secondary phloem fiber. (c) TS shows a radial sieve tube bridg-
ing over two IPs in a 3-cm-diameter branch of Aquilaria sinensis. IP = interxylary phloem.
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Figure 3. (a) TS of secondary xylem inA.malaccensis shows a radial sieve tube strand (asterisk) which
is wider than the normal uniseriate ray (R). The arrow indicates a sieve plate of a radial sieve tube
strand. (b) Tangential section of the secondary xylem in A. malaccensis shows a cross face of a radial
sieve tube strand with dense marginal contour in the center of a ray tissue (arrow).

size of the sieve pores, including the collar, was approximately 0.5–0.8 μm, with the size of
pore itself being less than 0.1 μm. The distribution of the minute sieve pores was irregular,
but they were localized in some limited areas. Therefore, many parts of cell wall in radial
sieve tubes did not show any sign of such pores.
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Figure 4. (a) RS of secondary xylem of A. sinensis viewed by a combination of bright field and fluores-
cence light showing sieve plates (circle) in the lateral wall of one of four radial sieve tube strands.
Arrows show sieve plates. Scale bar = 20 μm. (b) FE-SEM image of a radial sieve tube in a 3 cm-
diameter branch of A. sinensis, showing many scattered minute sieve pores in the inner surface of
the horizontal/lateral wall.
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Table 2.
The number of ray sieve tubes and IP per unit area of secondary xylem.

Serial Secondary xylem area (mm2) No. of radial sieve tubes No. of interxylary phloem (IP)
section

1 121.4 4 –
2⁎ 121.3 3 1113
3⁎ 121.3 1 1113
4⁎ 117.5 0 1105
5⁎ 122.9 2 –
6⁎ 120.1 5 1095
7⁎ 125.1 3 1102
8⁎ 119.2 6 –
9⁎ 124.2 6 –
10⁎ 120.2 6 –
11⁎ 121.3 3 –
12⁎ 121.3 7 1109
13⁎ 121.3 5 1084
14⁎ 121.3 5 1114
15⁎ 121.3 6 1107
16 108.7 4 –
17 91.7 0 –
18 83.5 4 –
19 108.4 1 –
20 102.1 3 –
21 84.9 6 –
22 90.9 4 –
23 11.7 6 –
24 108.4 2 –
25 101.9 5 –
Total 2811.9 97 11050

–, No measurement of IP number.
⁎Complete section without defects in the secondary xylem.

Connection between radial and axial sieve tubes
Connection between radial and axial sieve tubes is a common feature in all species of

Aquilaria and Gyrinops that were investigated. An integrated radial sieve tube strand that
is not interrupted by other cells or tissues usually consists of one to several sieve elements.
Most of the sieve tubes in themiddle part of the strand run parallel to ray parenchyma cells,
while sieve tubes at the opposite ends of strand sometimes exhibit a sharp angle. Various
types of connections having different angles and directions were observed between radial
and axial sieve tubes.

Connection by bending of radial sieve tube strands
The successive connections between radial sieve tubes in rays and axial IP sieve tubes

can be observed in Fig. 5a. Because of their interaction with axial sieve tubes, most radial
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Figure 5. RS of secondary xylem in A. malaccensis. (a) Four radial sieve tube strands (1 to 4) that are
bending vertically. (b) S-shaped connection (dotted ellipse) of radial sieve tube strand. Arrows show
sieve plate. (c) L-shaped connection between radial and axial sieve tubes on both sides (A and B). (d)
T-shaped connection between radial and axial sieve tubes. A radial sieve tube strandhas a connection
with an axial sieve tube through a common sieve plate (arrow). AST, axial sieve tube; RST, radial sieve
tube.

sieve tubes more or less deviated from a horizontal direction and exhibited a sharp an-
gle with ray parenchyma cells, especially cells located at the end of a sieve tube strand.
In Fig. 5a, four radial sieve tubes (1 to 4) within a ray tissue were bent towards a vertical
direction, giving the impression of curved channels.

Connection of two strands by an oblique bridge
In some cases, the radial section of A. malaccensis displayed a very steeply curved sieve

tube. Each end of an oblique sieve elementwas connected to an axial sieve tube, thus form-
ing an S shape connection (Fig. 5b). A sieve tube oriented in radial and tangential direction
just like an oblique bridge within IP (dotted circle in Fig. 6) was observed in the transverse
section. Both endsof the sieve tubemayconnectwith axial sieve tubes through the junction
of sieve plates (arrows). An oblique bridge was not a common feature, but it was observed
in some cases.

Connection of two strands at a right angle
L-shaped connection. Figure 5c shows two connecting parts at the opposite ends of one
radial sieve tube strand that are composed of only two elements in A. malaccensis. Sieve
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Figure 6. TS of secondary xylem in A. sinensis showing oblique bridge of a radial sieve tube (dotted
circle) with possibly two axial ones. Arrows show sieve plate.

plates of radial sieve tube elements are attached with cytoplasmic material connecting to
axial sieve tubes in both ends separately. The left end of the radial sieve tube strand shows
a distinct connection with an axial sieve tube strand, just like an L-shaped connection (A
in Fig. 5c). The junction on the right end of the radial sieve tube is located in its lateral wall
where an axial sieve tube is connected at right angle (B in Fig. 5c).

T-shaped connection. Lateral sieve plates constitute another alternative connection be-
tween radial and axial sieve tubes. Figure 5d shows a T-shaped connection by a common
sieve plate (an arrow) between an axial sieve tube strand on the left and a radial sieve tube
strand on the right of A. malaccensis.

DISCUSSION

This study sheds light on the occurrence and structural characteristics of the connection
between radial sieve tubes in ray tissue and axial sieve tubes in the interxylary phloem of
Aquilaria and Gyrinops (Thymelaeaceae, Malvales).

Occurrence and structure of radial sieve tubes
Ray tissue generally consists of parenchyma cells, but other elements such as tracheids,

vessels, resin ducts and sieve elements also can be found in rays of various species (Lev-
Yadun&Aloni 1995; Angyalossy et al. 2016). Occurrence of sieve tube elements in ray tissues
is a rare feature.

Our observations confirm the existence of sieve tubes in rays in three species of
Aquilaria and one species of Gyrinops (Thymelaeaceae). These two genera are commonly
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characterizedby thedevelopment of IP in secondary xylem.When radial sieve tubes are ob-
served,most of themhave a connectionwith the IP strands. Interxylary phloem inAquilaria
and Gyrinops usually starts to develop in the lower part of the third internode in young
shoots and grows to about four to five layers in the fourteenth internode. The earliest ra-
dial sieve tube strand is observed in the secondary xylem adjacent to the pith, immediately
following the differentiation of the first-formed IP. Earlier, we have shown that the first-
formed IP strands develop in the third or fourth internode (Luo et al. 2018). Additionally,
we observe few or dim fluorescence dots in immature IP close to the cambium, indicating
that sieve tubes in immature IP strands are not yet fully developed. In the same section,
an immature radial sieve tube with sieve plates was observed passing through the cambial
zone. Similar results were obtained by Den Outer & Van Veenendaal (1981), who find the
existence of radial sieve tubes and companion cells in very wide aggregate rays of Azima
tetracantha (Salvadoraceae). However, these authors do not confirm the direct connection
between axial and radial sieve tubes. Unlike Azima, Aquilaria and Gyrinops generally pro-
duce uniseriate as well as multiseriate rays including solitary and/or multiple radial sieve
tube strands.

Lev-Yadun & Aloni (1991) suggested a new type of xylem ray with many “ray centers”
in Suaeda monoica (Amaranthaceae). In some huge rays, radial strands of phloem are ob-
served, and the number of phloem strands increase with the enlargement of the xylem ray
in the centrifugal direction. Compared with the multicentric distribution of sieve tubes in
huge aggregated ray of Suaeda monoica, tangential sections of all the studied samples of
Aquilaria and Gyrinops show radial sieve tubes mostly as a solitary cell or in small groups
like those found in the five tropical species reported by Rajput (2004). Radial sieve tubes
generally develop from themargin aswell as the center of the rays, and they are observed in
contact with axial sieve tubes. Our observations of radial sieve tube elements in secondary
xylem are consistent with those of Rajput (2004) on secondary phloem.

Independent from the sieve pores constituting sieve plates, the occurrence of scattered
andminute sievepores or their clusters in the lateralwall of radial sieve tube strands inboth
Aquilaria and Gyrinops shows the following structural features: clustered sieve pores sur-
rounded by callose deposits and lined up in a direction parallel to the cytoplasmic flow in
the radial sieve tube strand.The location of minute sieve pores in the horizontal rather than
radial lateral walls in the radial sieve tubes, suggests a more effective transport pathway
between the sieve tube and ray parenchyma cells, especially in the case of Aquilaria and
Gyrinops that produce uniseriate or biserate rays. Metabolite transport may occur through
the minute sieve pores as an alternative to pore-plasmodesmata units described by Cayla
et al. (2015).

After measuring the area of secondary xylem in G. versteeghii and counting the num-
ber of radial sieve tube strands, it is found that a complete cross section includes only four
radial sieve tube strands on average (Table 2). Compared to the occurrence of a great num-
ber of IP that include more than one axial sieve tube strands per IP, the number of radial
sieve tubes present in a cross section seems almost negligible for serving the translocation
of photosynthates. It is suggested that radial sieve tubes may be temporarily involved in
short-distance rapid transport of food nutrients under stress derived from injuries or other
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environmental changes, as has been discussed in the case of radial sieve tubes in the sec-
ondary phloem of five tropical tree species (Rajput & Rao 1997; Rajput 2004). However, it
is meaningful to recall the long axial length of IP. For instance, the average length of IP in
A. sinensis is 14 ± 4 mm according to our former paper (Luo et al. 2018) and IP longer than
10 mm is very common in G. versteeghii. The significant number of radial sieve tubes and
interxylary phloem, that is, 1.7 per mm3 and 9.1 per mm2 present enough to connect each
other in the secondary xylem. Further, the number of radial sieve tubes will potentially in-
crease with the increase in thickness of the secondary xylem, which suggest a considerable
number of connection between axial and radial sieve tubes. Considering the fact that IP
strands are completely isolated from each other in the secondary xylem and none of the
axial sieve tubes have direct contact, the presence of direct connections between radial
sieve tubes in the ray tissue and axial sieve tubes in IP strands could play a significant role
in the translocation of metabolites.

Connection between radial and axial sieve tubes
The connections between radial and axial sieve tubes shown in the present work are an

integral part of phloem anastomosis in Aquilaria and Gyrinops. In general, phloem anasto-
mosis is very common in higher plants for the aim of fast and alternative communication
(Aloni et al. 1990, 1995). In Cucurbita dahlia (Cucurbitaceae), the earliest signs of phloem
anastomosis begin to be detected from the internode with a length of about 5 mm (Aloni
& Barnett 1996). Similar anastomosis of sieve tubes is a common feature in different in-
ternodes of Coleus (Lamiaceae) (Aloni et al. 1990). In addition to the naturally developing
structures, phloem anastomoses composed of a large number of sieve tubes are reported in
stems of Ricinus communis (Euphorbiaceae) infected byAgrobacterium tumefaciens (Aloni
et al. 1995).

The first sign of radial sieve tubes is observed immediately after the formationof the first
layer of IP in the secondary xylem at the 15th internode. Distinctive aniline-blue staining
of radial sieve tubes in G. versteeghii appear in the cambial zone cells in the 6th internode.
Once radial sieve tubes are produced, they could have a connection with axial sieve tubes
in one or two IP strands. These observations suggest that the network formation of phloem
anastomosis depends on the activity of vascular cambium. With the continued differen-
tiation of interxylary phloem, the number of radial sieve tubes increases with increase in
the stem diameter. As a result, all sieve tubes within the plant might gradually establish a
collective sieve tube system (Ham& Lucas 2014).

Radial transfer of water from phloem to xylem via ray parenchyma cells is confirmed by
fluorescence dye injection (Pfautsch et al. 2015). The necessity of sieve tube differentiation
in ray system comes from the need for selective transport and intercellular communication
via elaborate channels in sieve plate (Amsbury et al. 2018). It is suggested that development
of radial sieve tubes in the ray system will help shorten the distance for transport of nutri-
ents (Rajput & Rao 1997; Rajput 2004). Four or more strands of radial sieve tubes found
in A. malaccensismay suggest that radial phloem is capable of shortening the transport of
photosynthates.
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Finally, what is the source of radial sieve tube strands in the secondary xylem? There
are two possibilities for the origin of radial sieve tube strands – one from re-differentiation
of ray parenchyma cells, and the other from the division and differentiation of vascular
cambium similar to the origin of vessels, ray parenchyma and xylem fibers. As discussed
earlier, various types of connections between radial and axial sieve tubes are found in the
three species of Aquilaria and one species of Gyrinops analyzed in this study. These con-
nections occur in vertical, horizontal and radial directions and can be easily formed during
the differentiation of cambium. Considering the occurrence and development of these dif-
ferent types of connections of radial sieve tube strands, it is not realistic to imagine that
radial sieve tubes are produced by the re-differentiation of ray parenchyma cells. As shown
in Fig. 2b, radial sieve tubes differentiate in the cambial zone, and are thus originated from
cambium.
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