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Remote evolutionary constraint to the vascular cambium of seed plants
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Summary: The non-storeyed cambium of very long fusiform initials is the original type of the vascular
cambium of seed plants. The additive and transformative divisions of its fusiform initials seem more
resource- and time-consuming than those in the storeyed cambium. The multiplicative divisions of
the fusiform initials of non-storeyed cambium are inevitably accompanied by subsequent resource- and
time-consuming intrusive elongation of resulted new fusiform initials. In addition, these divisions
result in highly excessive fusiform initials, most of which are doomed to be lost. These disadvantages
of the non-storeyed cambium caused the evolutionary trend to the storeyed cambium of very short
fusiform initials. Water transport through the longitudinal tracheids in the vesselless xylems and
between the vessels in most vessel-bearing ones absolutely averts the implementation of this trend.
Having arisen, the direct intervessel communications excluded tracheid-mediated transport of water
and eliminated the evolutionary constraint of occurrence of the storeyed cambium.

Keywords: vascular cambium, storeyed cambium, non-storeyed cambium, additive divisions,
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Since the late 19" century, the vascular cambia of seed plants have usually been categorized
into 2 main types, the storeyed and non-storeyed ones (Fig. 1), according to the arrangement
of their fusiform initials in the tangential plane (von HOHNEL 1888a,b; BarLey 1923; Berjer
1927; PuiLipsoN & WARD 1965; PHILIPSON et al. 1971; LarsoN 1994; IoBaL 1995; EVERT
20006; CranG et al. 2018; etc.). TokoMATsU’s (1928) 4 types of the vascular cambium can
reasonably be considered only a more detailed habitual classification of this tissue. The ‘regularly
stratified” and ‘irregular’ types he described are quite comparable with the traditional storeyed
and non-storeyed types, respectively, whereas his ‘slightly stratified” and ‘non-stratified’ types are
intermediate between the 2 main acknowledged types. Various intermediate types of cambium
have repeatedly been described elsewhere without being termed (BarLey 1923; Krawczyszyn

1977; LarRsoN 1994; etc.).

The non-storeyed cambia (Fig. 1A) have irregularly greatly overlapping fusiform initials. Their
pseudotransverse multiplicative divisions are variably oblique and result in paired fusiform
initials which are much shorter than their mother fusiform initial (Fig. 2A, a,b). Therefore,
the newly formed fusiform initials elongate intrusively (Fig. 2A, ¢,d) to equal their mother cells
(BarLey 1923; PaiLipsoN & WARD 1965; PHILIPSON et al. 1971; LarsoN 1994; IgBaL 1995;
Evert 2006). The xylem derivatives of the fusiform initials elongate no more than 10% if at
all; therefore, they quite accurately render the arrangement of their mother fusiform initials
(KLINKEN 1914; BarLey 1920; BANNAN 1965; PHILIPSON et al. 1971; LARsON 1994; [.aAcHAUD
et al. 1999; Everr 20006).

The storeyed cambia (Fig. 1C) have fusiform initials in more or less long strata and the fusiform
initials of adjacent strata are much less overlapped. Multiplicative divisions of the fusiform initials
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Figure 1. Cambium and its derivative xylem. A — non-storeyed cambium of Larix sp.; B — vesselless xylem of Larix sp.;
C — storeyed cambium of Robinia pseudoacacia 1.; D — vessel-bearing xylem of Robinia pseudoacacia L. fi — fusiform
initial; /f— libriform fibre; » — ray; rd — resin duct; 7i — ray initial; #— tracheid; » — vessel; vp — vasicentric parenchyma.
Scale bars = 50 pm.

are generally believed to be radial (Fig. 2B, b;) and resulting in a pair of new fusiform initials
as long as their mother cell (von HouNEL 1888a; BerjEr 1927; METCALFE & CHALK 1950;
PHILIPSON & WARD 1965; LaARsON 1994; CarLQuisT 2001; EvErT 2006; KRISHNAMURTHY et al.
2015; Scumrtt et al. 2016; etc.) (Fig. 2B, b). Accordingly, the newly formed fusiform initials
are usually credited with an absence of intrusive elongation (BarLey 1923; CarrqQuist 2001;
KRrISHNAMURTHY et al. 2015; ScHMITT et al. 2016; etc.). The vessel elements and parenchyma
strands mostly remain as long as the fusiform initials they originated from, whereas the derivative
fibres usually highly elongate intrusively and often completely mask their original storeyed

2



Cambium evolution constraints

a b, b C d

Figure 2. Multiplicative divisions of fusiform initials in the non-storeyed (A) and storeyed (B) cambia. a — original
fusiform initial; b; — commonly described division; b — real division; ¢ — initiation sites of the intrusive elongation;
d — intrusively elongated fusiform initials.

arrangement (NEEF 1920; CHATTAWAY 1936; LARSON 1994; CaRLQUIST 2001; ZHANG et al.
2002) (Fig. 1D).

BarLey (1923) interpreted the storeyed cambium as evolutionary advanced for the first time.
BEIJER (1927) questioned BAILEY's (l.c.) interpretation, but it become generally accepted thereafter
(MeTcaLre & CHALK 1950; PHILIPSON et al. 1971; LarsoN 1994; IgBaL 1995; CarLquist 2001;
EverT 2006; etc.).

Advantages of the storeyed cambium

BarLey (1923) argued the storeyed cambium to be evolutionary advanced, because it was coupled
with the shortness of the fusiform initials (this conjunction was disputed by ZHANG et al. 2002),
which in turn were correlated with the short wide vessel elements with only simple perforation
plates. As such vessels are more efficient, then he conceptualized an evolutionary shortening of the
fusiform initials. This shortening caused the (nearly longitudinal) pseudotransverse multiplicative
divisions to change into radial ones resulting in transformation of the non-storeyed into the
storeyed cambium. The latter is thus considered a by-product of evolutionary shortening of the
fusiform initials.
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Figure 3. Additive divisions of fusiform initials in the non-storeyed (A) and storeyed (B) cambia. a — original fusiform
initial; b — tangential longitudinal division; ¢ — tangential oblique division.

Additional arguments can be assumed in favour of the evolutionary advancement of the storeyed
cambium.

The storeyed cambia sporadically occur among the heteroxylic dicotyledons. They are found
in a few primitive taxa (REcorD 1936; CarLQuisT 2001), but in general they clearly gravitate
toward more advanced families (BarLEy 1923; REcorDp 1936; PHILIPSON et al. 1971; LARsON
1994; CarrqQuist 2001; Evert 2006). These cambia have been found neither in homoxylic
dicotyledons nor in gymnosperms (LarsoN 1994; CarrqQuist 2001). Although absence of the
vessels in dicotyledons could be a derived feature (Youncg 1981; Baas & WHEELER 1996; F1ELD
et al. 2002), the gymnosperms are certainly initially vesselless (CHAMBERLAIN 1935; BourEaU &
MARGUERIER 1985). Accordingly, the non-storeyed cambium should be considered as initial type
of the vascular cambium of seed plants. Therefore, the storeyed cambium is a derived type which
has independently evolved in some heteroxylic dicotyledons.

The fusiform initials of the non-storeyed cambia are on average much longer than those of the
storeyed cambia (BarLey 1923; MeTcALFE & CHALK 1950; PHiLiPsON et al. 1971; Larson 1994).
Therefore, intracellular transportation and regulation are carried out over longer distances and
seem to be more time consuming and less efficient in long fusiform initials of the non-storeyed
cambia than in shorter fusiform initials of the storeyed ones.

The phragmoplast of the additive division runs throughout the fusiform initial length and forms
along cell plate (Fig. 3A,B, b). Accordingly, the additive divisions of the longer fusiform initials
of non-storeyed cambia are likely to be more time and resource consuming than those of the
shorter fusiform initials of storeyed cambia.
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The phragmoplast was reported to migrate also a rather long distance, up to several millimetres, to
complete the multiplicative division of the fusiform initial of non-storeyed cambium (ROMBERGER
1963). Apparently, this is not true, because the multiplicative divisions of the fusiform initials of
non-storeyed cambia are typically hard oblique to nearly transverse (BarLey 1920; Larson 1994;
IQBAL 1995; etc.) and the distance the phragmoplast has to run through seems quite comparable
with that the phragmoplast passes during the multiplicative division of the fusiform initials of
storeyed cambia (Fig. 2A,B). However, every multiplicative division in the non-storeyed cambia
is followed by the intrusive elongation of both newly formed fusiform initials (Fig. 2A, ¢,d) which
dissolve the middle lamellae of adjacent cells, wedge between them and form new plasmodesmata
and pit fields (KLINKEN 1914; IQBAL 1995; etc.). These processes must surely be very resource
intensive. None of these processes is commonly thought to accompany the multiplicative divisions
in the storeyed cambia. If so, the multiplication of the fusiform initials would be more energy
efficient in the storeyed cambia.

Additional disadvantages of the non-storeyed cambia are associated with the tracheary elements
they produce.

The storeyed cambia form wide to very wide vessel elements, whose width even exceeds their
length in some species (EVERT 20006). The vessels and tracheids formed by the non-storeyed
cambia are usually much narrower (Fig. 1B, D) and their water conductance is much lower in
accordance with the Poiseuille’s law (N1xLAs & Srarz 2012).

The fusiform initials are right or left tilted (LaRson 1994). Regular changing of the fusiform
initial tilting results in an interlocked grain of the wood (LarRsoN 1994; ZaGORsSKA-MAREK
1995) which increases wood coherency and strength (Kojs et al. 2003; Krerscumann 2010).
Tilt changing of the fusiform initials of non-storeyed cambia are feasible only by means of their
infrequent multiplicative divisions (BANNAN 1963; LarsoN 1994; Evert 2006; WrocH et al.
2013), whereas tilt changing of the fusiform initials of storeyed cambia are mostly realized by
their slightest intrusive elongation irrespective of the multiplicative divisions (ZaGORSkA-MAREK
1975; Kogys et al. 2003, 2004; Evert 2006). Therefore, the fusiform initials of storeyed cambia
become rearranged much more frequently (Kojs et al. 2004). Resultantly, the non-storeyed
cambia produce a coarse-grained xylem which is more splittable than the finely-grained xylem
produced by the storeyed cambia, in spite of a mechanism of ephemeral tilt changing of the xylem
derivatives of the non-storeyed cambium (WrocH et al. 2002).

The most confusing character of the non-storeyed cambia is certainly a huge excess of formation
of the fusiform initials and subsequent mass lost of newly formed ones (BANNAN 1960; PHiLIPSON
etal. 1971; LarsoN 1994; IqBaL 1995). Up to ~100% of newly formed fusiform initials are
reported to be lost in some specimens (Evert 2000).

The net loss of the fusiform initials is so great that it evoked ideas about its utility for cambium
functioning. The mass loss of these cells was attributed to a way of selecting more vigorous initials
that are longer (BANNAN & Bavry 1956; PHiLIPsON et al. 1971; Larson 1994; Everr 2000),
have more contacts with the rays (BANNAN & Bavry 1956; PHiLipsoN et al. 1971; LarsoN 1994;
EverT 2000) and are capable to intensively elongate intrusively (Mausetn 1988) to push out
their weaker counterparts from the initial position in the cambial zone (WrocH et al. 2013).
The mass loss of newly formed fusiform initials was also thought to be a mode of maintaining
efficient length of these cells (Bannan & Bavry 1956; Evert 2006) or accelerating cell tilt
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Table 1. Comparative characteristics of two cambia and their xylem derivatives.
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changing to make the xylem finer-grained and stronger (Kojs et al. 2003). The mass loss of
newly formed fusiform initials was considered a way of cambium purification from the genetic
load and damaged cells (Igar 1995). High redundancy of the formation of fusiform initials was
believed to be simply a way of relaxing the shearing strains in the cambium which are caused by
increasing secondary xylem (WeocH et al. 2013).

All of the above considerations seem untenable, because selection of vigorous fusiform initials
without genetic load, frequent cell tilt changing, maintaining of the efficient cell length and
relaxing shearing strains are certainly equally significant for storeyed cambium functioning, but
loss of its newly formed fusiform initials is minute (LaARsON 1994) or absent (BUTTERFIELD 1972;
WeocH et al. 2013).

Eventually, the non-storeyed cambia appear less efficient than the storeyed ones regarding their
functioning and the characteristic of the xylem they produce (Table 1). Therefore, the homoplasic
origin and widespread occurrence of the advanced storeyed cambium should be expected.
However, the storeyed cambia are surprisingly too rare. Some evolutionary constraint(s) on the
transformation of non-storeyed cambium into the storeyed one should consequently be assumed.

Evolutionary constraint(s): Carlquist’s approach

CARLQUIST seems to be the first who analyzed constraints in cambium evolution. He assumed
intracambial and extracambial factors which made difficult the evolution of the non-storeyed
cambium into the storeyed one.

Intracambial factor is the nature of the multiplicative divisions of the fusiform initials of the
storeyed cambia. CARLQUIST considered these cell divisions to be strictly radial (Fig. 2B, b,).
Accordingly, “the insertion of a cell plate into a narrow cell tip may not be readily achieved”
(CarrQuisT 2001: 301). As the cell tips of the fusiform initials of non-storeyed cambia are
typically much narrower than those of the fusiform initials of storeyed cambia, the multiplicative
divisions would tend to be oblique and result in the non-storeyed cambia. That is why the latter
are difficult to evolve into the storeyed ones. However, the multiplicative divisions of the fusiform
initials of storeyed cambia are really oblique (BEjER 1927; LaRSON 1994; IQBAL 1995) and the
cell plates do not have to insert into very narrow cell tips of the fusiform initials (Fig. 2B, b).
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Figure 4. Real (A) and imaginable (B) border line between the fusiform initials of neighbouring storeys. red line — cell
wall of multiplicative division.

The extracambial factor is the incompatibility of the storeyed cambia with the vesselless xylem,
because such cambia would cause too small contiguous cell walls between the tracheids of adjacent
storeys. Such cell walls would result in too high resistance to water transportation between these
tracheids (CarLqQuist 2001; also KEprov 2013). Indeed, the very short fusiform initials of the
known storeyed cambia would be capable of generating only minimally overlapped tracheids of
adjacent storeys.

However, long storeyed-arranged fusiform initials can be imaged which seem to significantly
overlap with those of the adjacent storeys (Fig. 4B). Besides, the tracheids are reported to be
capable of slight elongating after their origin (LARsoN 1994). If only the tracheids grew further
on, they would be sufficiently overlapped even when originated from the short storeyed fusiform
initials. Both imaginable options do not realize in nature, but their constraint(s) is/are unexplored
so far.

CarLQuisT’s (l.c.) conclusions thus seem either incorrect or incomplete, respectively.

Evolutionary constraint(s): nature of the fusiform initials

In modern biology, the causes of every phenomenon are usually sought in the genotype and
in molecular mechanisms of its realization in the phenotype. Accordingly, the evolutionary
constraints are now usually explained by the loss of genes or by the pleiotropic effect of gen or
by too many genes determining the trait under consideration (Horrman 2014; Hansex 2015).

Genetics of the cambium is under rapid progress now, but only in terms of comparison with the
genetics of shoot/root apical meristem and procambium to cambium transition (BAUCHER et al.
2007; Ero et al. 2009; Du & GRrooVER 2010; SPIcER & GROOVER 2010; YorpANOV & Busov
2011; MrvasaiMA et al. 2013; JouanNET et al. 2015; GreB & LoHMaNN 2016; etc.), while
comparative genetics of the non-storeyed and storeyed cambia is still unexplored. Therefore,
direct assessment of the genetic causes of constraint(s) of the evolution of non-storeyed cambia
into storeyed ones is impossible. However, the variety of modes the cambium develops from
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the procambium and variety of cell divisions of cambial fusiform initials make feasible indirect
assessment of the presumptive genetic constraint(s) of cambium evolution.

The non-storeyed cambium originates from either non-storeyed or storeyed procambium (in
different species) and so is the storeyed cambium (Larson 1994). Therefore, both cambia are
identical in their genesis.

The additive divisions of the fusiform initials are also identical in both cambia (Larson 1994;
IqBaL 1995). They are mostly strictly longitudinal and result in a pair of equally long cells
(Fig. 3A,B, b). One of them continues as the fusiform initial, whereas another becomes either
xylem or phloem mother cell, respectively. Rarer, the additive divisions are tangential oblique
to give rise to paired cells of unequal length (Fig. 3A,B, ¢). There is the shorter one that usually
continues as the fusiform initial (Kojys et al. 2003). Such additive divisions thus result in
shortening of the fusiform initials which can be an indication of oncoming loss of these initials
(LarsoN 1994; Evert 2000) or their preparation to transform into ray rudiment (ray initial sezsu
Scumip 1976) (LarsoN 1994; Everr 2006). Such a cell shortening could be a mode to recover
length of the fusiform initials of storeyed cambia after their intrusive elongation.

The newly formed fusiform initials of the non-storeyed cambia elongate intrusively to equal the
length of their parent cells (PHILIPSON & WARD 1965; PHILIPSON et al. 1971; LaRsoN 1994;
IQBAL 1995; CarLQuisT 2001; BarLow et al. 2002) (Fig. 2A). The newly formed fusiform initials
of the storeyed cambia are often thought to be unable elongating (IQBAL 1995; BarRLOW et al.
2002), but they do really elongate intrusively, though slightly (Fig. 2B), to restore their wedge-
shaped tips (von HOHNEL 1884a; BEJER 1927; LarRsoN 1994; Evert 20006).

The pseudotransverse multiplicative divisions of the fusiform initials of non-storeyed cambia
are traditionally contrasted with the radial multiplicative divisions of the fusiform initials of
storeyed cambia (BArLey 1923; PHiLipsoN et al. 1971; BurTERFIELD 1972; Orsson & LiTTLE
2000; CarrQuisT 2001; Evert 2006; KrRisHNAMURTHY et al. 2015). However, the multiplicative
divisions of the latter are actually hardly oblique (Fig. 2B, b) to multiply the fusiform initials
(BEER 1927; LaRsON 1994) or even fairly oblique (pseudotransverse) to make them shorter or
restore their storeyed arrangement (ZAGORSKA-MAREK 1984).

The fusiform initials of the non-storeyed cambia actually divide radially (Fig. 5A, b) to give
rise to the ray initials via the partial lateral segmentation (LarsoN 1994). Such divisions are
highly unequal and they are called ‘transformative’. The longer daughter cell retains the fusiform
initial, while the much shorter one becomes the ray rudiment which undergoes serial transverse
divisions (Fig. 5A, ¢) to result in a strand of ray initials (ray cell initials according to ScHMID
1976). The fusiform initials of non-storeyed cambia more often generate the ray rudiments by
means of partial tip segmentation (LaARsON 1994). The short ray rudiment results from highly
unequal pseudotransverse division (Fig. 5A, d) and it gives rise to a strand of ray initials by serial
transverse divisions (Fig. 5A, e), whereas the longer cell elongates intrusively to equal the mother
cell length and remains the fusiform initial. These unequal pseudotransverse divisions are also
termed transformative.

In the storeyed cambia, the whole fusiform initials transform into the ray rudiment and undergo
complete segmentation by serial transverse divisions (Larson 1994) (Fig. 5B). These serial
divisions are termed ‘transformative’.
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Figure 5. Transformative and preparatory divisions of fusiform initials. A — transformative divisions in non-storeyed
cambium; B — transformative divisions in storeyed cambium; C — preparatory division followed by the transformative
divisions in non-storeyed cambium. a — fusiform initial; a—b—c — partial lateral segmentation; a—d—e — partial tip
segmentation; a—f — total segmentation; g — preparatory division; g—d—e — partial tip segmentation.

There are also almost equal single transverse divisions of the fusiform initials of storeyed cambia
which result in adding a new stratum of the fusiform initials (BuTTERFIELD 1972). That is why
they were termed ‘multiplicative’ (BUTTERFIELD l.c.).

Single, almost equal, genuine transverse divisions of the fusiform initials take place in the
non-storeyed cambia (Fig. 5C, g). Such divisions are preparatory, as they antecedent the
transformative division of one of the twins (and loss of another one due to its short length)
(Larson 1994) (Fig. 5C). The cambia of both types thus have the same sets of fusiform initial
divisions, although these divisions partly differ prospectively (Table 2).

Eventually, the fusiform initials of both-typed cambia do not differ in the processes of their
genesis from the procambium, cell divisions and intrusive elongation. It is logical to assume that
these identical processes are based on some identical intracellular mechanisms, the latter being
determined in turn by the identical gene systems. Therefore, the molecular genetic constraints
are unlikely to have affected evolution of the non-storeyed cambia into the storeyed ones. Hence,
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Table 2. Sets of division types of fusiform initials in two cambia.

. Tangential Tangential Pseudo- .
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longitudinal oblique transverse
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. additive additive preparatory and transformative
cambium .
transformative
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4 additive additive transformative | (usually termed ?
cambium .
radial)

the cambial evolutionary constraint(s) should be searched for in the structure of the xylem the
cambium produces. (The phloem structure is unsuitable for this searching, because correlation
between the phloem structure and cambium structure is still highly underexplored).

Evolutionary constraint(s): structure of vesselless xylem

The vascular cambium is usually assumed to have arisen in the vesselless seed plants (SPICER &
Groover 2010). It had to produce the (secondary) xylem whose tracheids performed the
conductive and supporting functions combined. The conductivity of the vesselless xylem
was determined by the intratracheidal capillary resistance and the intertracheidal resistance
of pit membranes (Fig. 6A), the latter being nearly twice predominant (SPERRY et al. 2000).
Accordingly, the minimal numbers of sites of intertracheidal water transportation per unit xylem
length (Fig. 6B,C) or, in other words, the maximally long tracheids are necessary for efficient
water conducting.

The tracheids of maximal length could be attainable either by their origin from equally long
fusiform initials of cambium (Fig. 7A) or by intrusive elongation of developing tracheids which
have originated from the short fusiform initials (Fig. 7B). The second mode seems more resource-
consuming as every tracheid would have to elongate intrusively.

A B C

Figure 6. Principal water-transport resistance in vesselless xylem (A) and inverse relation between inter- and intratracheid
resistance (B,C). red — intertracheid resistance; blue — intratracheid resistance.
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Figure 7. Origin of long tracheid from equally long (A) and short (B) fusiform initial. blue — fusiform initial; light
magenta — tracheid mother cell; magenta — tracheid.

Besides, the intertracheidal resistance depends on the number of contiguous pits the consecutive
tracheids intercommunicate through (Keprov 1984; CarrQuist 2001). The less are the
consecutive tracheids overlapped, the less is the number of their contiguous pits, the more is the
local intertracheidal resistance of the xylem (Keprov 1984; CarrQuist 2001). The more are the
consecutive tracheids overlapped, the more numerous are the contiguous pits and the less is the
local intertracheidal resistance of the xylem. However, the more are the tracheids overlapped, the
more numerous are the sites of intertracheidal water transportation per unit xylem length, and
the more is the total xylem resistance. Only some optimal overlapping of the tracheids would
maintain maximum efficiency of water transportation by the vesselless xylem (Keprov 2012)
(Fig. 8).

The seed plants seem to have no mechanisms to regulate strictly the intrusive elongation of their
cells and the extent the cell are overlapped. Accordingly, the optimal overlapping of the intrusively
elongating cells is attainable only by chance. Furthermore, the optimal overlapping, if even been
attained by certain tracheids, would never be transmitted to other elongating tracheids, because
only the cambial initials are capable to transmit their relative arrangement to (some) their xylem
derivatives (LARSON 1994).

Finally, the intrusively elongating fusiform initials of cambium easily form secondary
plasmodesmata and secondary pit fields to communicate with their new neighbouring cambial
initials (LaRsON 1994). On the contrary, the intrusively elongating cells which have begun
differentiating into elements of permanent tissue has great difhiculty to form secondary pit fields
(KLINKEN 1914) or they usually form no new pit fields at all (voxn HOHNEL 1884b; GorsHKOVA
2009). Resultantly, the intrusively elongating tracheids, if they were, would have no pits in their
expanding tips. Such tracheids would be useless for conducting water.

Consequently, the intrusively elongating tracheids are incompatible with the conductive
functioning of the vesselless xylem. That is why the necessary long tracheids have to originate
from the equally long fusiform initials of the cambium.

The long fusiform initials could be sufficiently overlapped irrespective of their storeyed or non-
storeyed arrangement (Fig. 1A; 4B). The storeyed arrangement of the fusiform initials is steadily
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Figure 8. Optimal (in the centre) and avoidable (left and right) relative arrangements of the tracheids.

maintained only by their (nearly) radial multiplicative divisions which result in one-leveled cells
(Fig. 4B). These cells would have to elongate intrusively between the cells of adjacent cambium
stratum to become overlapped with all their neighbours. If so, the fusiform initials would
become longer after every multiplicative division, i.e. their elongating would be unlimited. This
is certainly impossible because the nucleocytoplasmic ratio is limited (STRASBURGER 1893; also
UMEN 2005). Otherwise, the specific number of completely overlapped fusiform initials would
constantly increase with the secondary thickening thereby reducing the conductivity of the xylem
they produce. Consequently, the storeyed cambia are incompatible with the vesselless xylem.

Long fusiform initials of the non-storeyed cambia remain significantly overlapped after any
multiplicative division and they efficiently transmit their relative position to the descendant
tracheids (Fig. 1B). The latter do not accordingly consume resources for intrusively elongating
to become overlapped. The optimally overlapped fusiform initials can form potentially unlimited
number of the optimally overlapped tracheids. However, every multiplicative division of the
tusiform initials followed by their intrusive elongating disturbs the pattern of their arrangement.
Only very few newly formed fusiform initials intrusively elongate to the extent to attain accidentally
optimal or at least appropriate overlapping with adjacent fusiform initials. The vast majority of
newly formed fusiform initials are failed and they are eliminated from the cambium so as not to
produce inefficiently functioning tracheids. The non-storeyed cambia are capable of producing
functional vesselless xylem albeit at the cost of mass loss of their newly formed fusiform initials.

Thus, the vesselless xylem structure is a constraint on evolving storeyed cambia.

Evolutionary constraint(s): structure of vessel-bearing xylem

Emerging of the perforations highly reduced the resistance to the water transport between the
vessel elements and made possible the evolutionary shortening of the latter. Such a shortening
enabled the vessel elements to increase their diameter without breakage of the nucleocytoplasmic
ratio. The wider vessel elements are much more conductive in accordance with the Poiseuille’s
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law. Functional advantage of the wider vessels caused the evolutionary trend toward widening and
shortening of the vessel elements. As the length of the vessel elements nearly equals the length of
their mother fusiform initials, their evolutionary shortening had inevitably caused an evolutionary
trend towards the shortening of the fusiform initials of cambium. The shorter fusiform initials
should indeed be considered more advanced (BarLey 1923).

The origin of the vessels was a sine qua non precondition for evolutionary shortening of the
fusiform initials and subsequent changing of the non-storeyed cambium into the storeyed one,
yet it has been insufficient.

The vessels are sometimes up to several meters long (ZIMMERMANN & JEJE 1981; EVERT et al.
1990), but they are always shorter than the distance the xylem transports water. Therefore, there
is always water transfer between successive vessels in the xylem. In most heteroxylic plants, the
vessels are isolated from each other, or they are in contact but have no pits in contiguous cell
walls of their elements, or the pits are too small and scanty to maintain efficient intervessel water
flow (Keprov 1968). Such vessels are communicated through the surrounding vascular and/or
fibre tracheids. These tracheids should not be able to elongate, otherwise they would develop
long unpitted end part that are useless for transporting water. At the same time, they have to
be sufficiently overlapped to fulfill the supporting function. Only rather long non-storeyed
tracheids meet these requirements. Only rather long fusiform initials of non-storeyed cambium
can produce such tracheids. That is why, most heteroxylic plants have non-storeyed cambium of
rather long fusiform initials, which are albeit shorter than those in the homoxylic plants.

Tracheid-mediated communication between the vessels in most heteroxylic plants limits the
evolutionary shortening of cambial fusiform initials and prevents the non-storeyed cambium
from changing into the storeyed one.

Constraint elimination

Occurrence of efficient direct communication between the vessels made the tracheid intermediation
unnecessary. The tracheids became able to evolve into the libriform fibres which specialized
exclusively in supporting function. Their functioning was less dependent on the degree of their
overlapping than the functioning of tracheids, and paucity of the pits even improved their
strength. Thereby, the evolutionary constraint of the intrusive elongation of the libriform fibres
disappeared. The length of the libriform fibres was no longer determined by the length of the
fusiform initials of cambium.

The attainment of xylem coherency was transferred from the overlapping of long cambial fusiform
initials to the individual developing libriform fibres which could become up to 9-fold longer
than the fusiform initials they had originated from (CrarTawAY 1936). Accordingly, neither long
fusiform initials of the cambium nor their non-storeyed arrangement became necessary. Both the
evolutionary shortening of the fusiform initials and their non-storeyed-to-storeyed rearrangement
became resultantly attainable.

Conclusion

There is a close conformity between the structure of vascular cambium and the structure of
xylem it produces. In ontogeny, many characters of xylem depend on the cambium structure
and functioning (CarRLQUIST 2001; Jura et al. 2005). Contrariwise, the cambium evolution has
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been highly dependent on the xylem evolution. The primitive non-storeyed cambium with long
narrow fusiform initials fits well to generate the efhcient vesselless xylem. The extreme loss of the
newly formed fusiform initials in this cambium and its other disadvantages, as well as the high
resistance of the narrow tracheids it produced, caused an evolutionary trend toward shortening
of the fusiform initials. However, this evolutionary trend has been blocked in homoxylic plants,
because its realization would inevitably decrease the conductivity of xylem.

The occurrence of vessels made possible some shortening of the fusiform initials, but not their
storeyed arrangement. The reason is that the most vessel-bearing xylems retain the tracheid-
mediated intervessel water transportation. The maximal shortening of the fusiform initials
and their storeyed arrangement became possible after emergence of efficient direct intervessel
communications coupled with the appearance of libriform fibres, which were narrowly specialized
in the supporting function and they were not involved in conducting water. It was the lack of
efficient direct intervessel communications that was the evolutionary constraint that precluded
the origin of advanced storeyed cambium in the most heteroxylic plants.

Occurrence of the direct intervessel communications can rightfully be considered a key
aromorphosis (IorRpANSKY 1990) or a key innovation (Liem 1974), which not only raised the
organization of xylem (Braun 1970; Keprov 2012), but also made possible the emergence of
the advanced storeyed cambium in seed plants.

Acknowledgements

This work was carried out in accordance to Government order for the Lomonosov Moscow State

University (project No. AAAA-A16-16021660045-2).

References

Baas P. & WHEELER E. A. (1996): Parallelism and reversibility in xylem evolution: a review. — JAWA J.
17: 351-364.

BaiLey I.W. (1920): The cambium and its derivative tissues. II. Size variation of cambial initials in
gymnosperms and angiosperms. — Amer. J. Bot. 7: 355-3067.

BarLey I.W. (1923): The cambium and its derivative tissues. IV. The increase in girth of the cambium.
— Amer. J. Bot. 10: 499-509.

BanNaN M. W. (1960): Ontogenetic trends in conifer cambium with respect to frequency of anticlinal
division and cell growth. — Canad. J. Bot. 38: 795-802.

BannaN M. W. (1963): Tracheid size and rate of anticlinal divisions in the cambium of Cupressus. — Canad.
J. Bot. 41: 1187-1197.

BANNAN M. W. (1965): The rate of elongation of fusiform initials in the cambium of Pinaceae. — Canad.
J. Bot. 43: 429-435.

Bannan M. W. & Baviy L. L. (1956): Cell size and survival in conifer cambium. — Canad. J. Bot. 34:
769-776.

BarLow P.W., BRAIN P. & PoweRrs S. . (2002): Estimation of directional division frequencies in vascular
cambium and in marginal meristematic cells of plants. — Cell Prolif. 35: 49-68.

BaucHErR M., EL Jazirt M. & VANDEPUTTE O. (2007): From primary to secondary growth: origin and
development of the vascular system. — J. Exp. Bot. 58: 3485-3501.

Bener J.J. (1927): Die Vermehrung der radialen Reihen im Cambium. — Rec. Trav. Bot. Neerl. 24:
631-786.

14



Cambium evolution constraints

Boureau E. & MARGUERIER ]. (1985): Lorigin et 'evolution du xyleme chez les Trachéophytes. — Giorn.
Bot. Ital. 119: 89-149.

Braun H.J. (1970): Funktionelle Histologie der sekundiren Sprossachse. I. Das Holz: [-XI1, 1-190. — In:
ZIMMERMANN W., Ozenpa P & Wurrr H. D. [Hrsg.]: Handbuch der Pflanzenanatomie. Spez.
Teil. Band 9/1. — Berlin, Stuttgart: Gebriider Borntraeger.

BurterrieLD B. G. (1972): Developmental changes in the vascular cambium of Aeschynomene hispida

Willd. — New Zealand J. Bot. 10: 373-386.

CarLQuisT S. (2001): Comparative wood anatomy: systematic, ecological, and evolutionary aspects of
dicotyledon wood. [2" ed.] — Berlin, Heidelberg, New York: Springer.

CuaMBERLAIN C.J. (1935): Gymnosperms: structure and evolution. — Chicago: University of Chicago
Press.

CHaTTAWAY M. M. (1936): Relation between fibre and cambial initial length in dicotyledonous woods.
— Trop. Woods 46: 16-20.

CraNG R., Lyons-SoBaskr S. & Wiske R. (2018): Plant anatomy: a concept-based approach to the
structure of seed plants. — Springer Nature Switzerland AG. doi:10.1007/978-3-319-77315-5

Du J. & Groover A. (2010): Transcriptional regulation of secondary growth and wood formation. —
J. Integr. PL. Biol. 52: 17-27.

Ero A., ImmaneN J., NiemiNen K. & Herariurta Y. (2009): Stem cell function during plant vascular
development. — Seminars Cell Developm. Biol. 20: 1097-1106.

Evert EW,, FisHER ]. B. & CH1U S. (1990): A survey of vessel dimensions in stems of tropical lianas and
other growth forms. — Oecologia 84: 544—552.

Evert R.E (2006): Esau’s Plant anatomy: meristems, cells, and tissues of the plant body: their structure,
function, and development. — Hoboken, New Jersey: Wiley & Sons, Inc.

FieLp T.S., Bropories T. & HoLBrooOKk M. (2002): Hardly a relict: freezing and the evolution of vesselless
wood in Winteraceae. — Evolution 56: 464—478.

GorsHkova T. A. [ed.] (2009): Biogenesis of plant fibres. — Moscow: Nauka. [In Russian]
GresB T. & Loumann J. U. (2016): Plant stem cells. — Curr. Biol. 26: R§16—R821.

Hansen T.E (2015): Evolutionary constraints. — In: Losos J. [ed.]: Oxford bibliographies in evolutionary
biology: 1-28. — Oxford: Oxford Univ. Press. doi:10.1093/0bo/9780199941728-0061

Horeman A. (2014): Evolutionary limits and constraints. — In: Losos J.B. [ed.]: The Princeton Guide
to evolution: 247—252. — Princeton, Oxford: Princeton Univ. Press.

IorpaNskyY N. N. (1990): Evolution of complex adaptations: the jaw apparatus of amphibians and reptiles.
— Moscow: Nauka. [In Russian]

IqQBaL M. (1995): Structure and behaviour of vascular cambium and the mechanism and control of cambial
growth. — In: IQBAL M. [ed.]: The cambial derivatives: 1-67. — In: CarrQuist S., CutLER D. E,
Fink S., OzenpA P, RotH . & ZieLer H. [Hrsg.]: Handbuch der Pflanzenanatomie. Spezieller
Teil. Band 9/4. — Berlin, Stuttgart: Gebriider Borntraeger.

Jouanner V., Brackmann K. & Gres T. (2015): (Pro)cambium formation and proliferation: two sides
of the same coin? — Curr. Opin. PL. Biol. 23: 54-60.

Jura 1., Wrocu W., Kojs P, WiLczek A. & SzeNpera W. (2005): Current trends in the structural
investigations of the vascular cambium. — Bull. Bot. Gard. 14: 43-47.

Keprov G. B. (1968): Correlation between some characters of dicotyledons’ woods and their evolutionary
value. — In: Kuprvasnov L. V. [ed.]: Morphology of higher plants: 49—69. — Moscow: Nauka.

Keprov G. B. (1984): Factors determining the arrangement of bordered pits in radial walls of tracheids of
the secondary tracheidal woods. — Byull. Moskovsk. Obshch. Isp. Prir., Otd. Biol. 89(2): 70-82.

Keprov G.B. (2012): Functioning wood. — Wulfenia 19: 57-95.

15



A.C. TIMONIN

Keprov G. B. (2013): Advantages of the non-storeyed cambium. — In: Timonin A.C. [ed.]: Functional
plant anatomy: Proceedings of the International Conference, dedicated to 90" anniversary of
Gorn B. Kedrov (Moscow, September 16-21, 2013): 26-30. — Moscow: MAKS Press.

Kuinken J. (1914): Uber das gleitende Wachstum der Initialen im Kambium der Koniferen und den
Markstrahlverlauf in ihren sekundiren Rinden. — Bibl. Bot. 84: 1-40.

Kojs P, WrocH W., Rusin A. & Szenpera W. (2003): Storeyed structure of cambium as an adaptive
strategy to environmental conditions in trees forming the canopy and the emerged layer of the
tropical rain forests. — Biul. Ogrod. Bot. 12: 23-29.

Kojs P, WerocH W. & Rusin A. (2004): Rearrangement of cells in storeyed cambium in Lonchocarpus
sericeus (Poir.) DC connected with formation of interlocked grain in the xylem. — Trees 18:

136-144.

Krawczyszyn J. (1977): The transition from nonstoried to storied cambium in Fraxinus excelsior. 1. The
occurrence of radial anticlinal divisions. — Canad. J. Bot. 55: 3034-3041.

KreTscHMANN D. (2010): Mechanical properties of wood. — In: Wood handbook. Wood as an engineering
material. General technical report FPL-GTR-190: 5-1-5-46. — Madison: U. S. Dept. Agriculture,
Forest Service, Forest Product Laboratory.

KrisHNAMURTHY K. V., BAHADUR B., Apams S.]. & VANKATASUBRAMANIAN P. (2015): Development
and organization of cell types and tissues. — In: BAHADUR B., Rajam M. V., Sanrjram L. &
KrisunamurtHY K. V. [eds]: Plant biology and biotechnology: Vol. 1: Plant diversity, organization,
function and improvement: 73—111. — Springer India. doi:10.1007/978-81-322-2286-6-3

Lacuaup S., CatessoN A.-M. & BoNNEMAIN ].-L. (1999): Structure and function of the vascular
cambium. — Compt. Rend. Acad. Sci. Paris, Sér. 3, Sci. Vie. 322: 633-650.

Larson P.R. (1994): The vascular cambium: development and structure. — Springer series in wood science.
— Berlin, Heidelberg, New York: Springer.

Liem K. E (1974): Evolutionary strategies and morphological innovations: cichlid pharyngeal jaws. — Syst.
Zool. 22: 425-441.

Metcarre C.R. & CHaik L. (1950): Anatomy of the dicotyledons. Vol. 1. — Oxford: Clarendon Press.
MausgtH J. D. (1988): Plant anatomy. — Menlo Park: Benjamin/Cummings Publ. Co.

MivasHIMA SH., SEBASTIAN J., LEE J.-Y. & Herariurta Y. (2013): Stem cell function during plant
vascular development. — EMBO J. 32: 178-193.

NEer E (1920): Uber die Umlagerung der Kambiumzellen beim Dickenwachstum der Dikotylen. — Z.
Bot. 12: 225-252.

Nikvas K. ]. & Sparz H.-Ch. (2012): Plant physics. — Chicago, London: Univ. Chicago Press.

Otsson O. & Littie C. H. A. (2000): Molecular control of the development and function of the vascular
cambium. — In: JaiN S. M. & MinocHE S. C. [eds]: Molecular biology of woody plants. Vol. 1:
155-180. — Dordrecht: Springer-Science + Business Media.

PHiLipson W.R. & WARD J. M. (1965): The ontogeny of the vascular cambium in the stem of seed plant.
— Biol. Rev. 40: 534-579.

PaiLipson W.R., WarDp J.M. & BurterrieLD B.G. (1971): The vascular cambium, its development
and activity. — London: Chapman & Hall.

Recorb S.]. (1936): Classification of various anatomical features of dicotyledonous woods. — Trop.

Woods 47: 12-27.

ROMBERGER J. A. (1963): Meristems, growth, and development in woody plants: an analytical review of
anatomical, physiological, and morphogenic aspects. — Techn. Bull. U.S.D.A. 1293: I-1V, 1-214.

Scumib R. (1976): Elusive cambium — another terminological contribution. — IAWA Bull. 4: 51-59.

Scumrrr U., Kocu G., EcksteIiN D., SE0 J.-W., PrisLaN P, GriCar J., Curar K., StoBee H. &
JAaLkANEN R. (2016): The vascular cambium of trees and its involvement in defining xylem

16



Cambium evolution constraints

anatomy. — In: YooN Soo K., Funapa R. & SingH A. P. [eds]: Secondary xylem biology: origins,
functions, and applications: 3-24. — Amsterdam: Academic Press. doi:10.1016/B978-0-12-
802185-9.00001-2

SperrY].S., HACKE U. G. & PITTERMANN J. (2006): Size and function in conifer tracheids and angiosperm
vessels. — Amer. J. Bot. 93: 1490-1500.

Spicer R. & Groover A. (2010): Evolution of vascular cambia and secondary growth. — New Phytol.
186: 577-592.

STrASBURGER E. (1893): Ueber die Wirkungssphire der Kerne und die Zellgrosse. — In: STRASBURGER E.
[Hrsg.]: Histologische Beitrige. H.5: 95-124. — Jena: Gustav Fischer.

Toxomatsu M. (1928): On the arrangement of cambial cells in some woody plants. — Sci. Rep. Tokohu
Imp. Univ. 3: 615-627.

UMEN ]. G. (2005): The elusive sizer.— Curr. Opin. Cell Biol. 17: 435-441.

voN HouNEL E R. (1884a): Uber stockwerkartig aufgebaute Holzkdrper. Ein Beitrag zur Holzanatomie.
— Sitzungsber. Kaiserl. Akad. Wiss., Math.-Naturwiss. Cl. 89: 30—47.

von HounNeL E R. (1884b): Ueber den etagenférmigen Aufbau einiger Holzkérper. — Ber. Deutsch. Bot.
Ges. 2: 2-5.

WeocH W., Mazur E. & Beerowskr M. (2002): Formation of spiral grain in the wood of Pinus
sylvestris L. — Trees 16: 306-312.

WrocH W., WiLczek A., JuRa-Morawikc J., Koys P. & IgBaL M. (2013): Modelling for rearrangement
of fusiform initials during radial growth of the vascular cambium in Pinus sylvestris L. — Trees

27:879-893.

Yorpanov Y.S. & Busov V. (2011): Boundary genes in regulation and evolution of secondary growth.
— P Signal. Behav. 6: 688—690.

Young D.A. (1981): Are the angiosperms primitively vesselless? — Syst. Bot. 6: 313-330.

ZAGORsKA-MAREK B. (1975): Growth activity of fusiform initials in storeyed cambium. — Acta Soc. Bot.
Poloniae 44: 537-552.

ZAaGOrskA-MaRek B. (1984): Pseudotransverse divisions and intrusive elongation of fusiform initials in
the storeyed cambium of 7ilia. — Canad. J. Bot. 62: 20-27.

ZAGORskA-MAREK B. (1995): Morphogenetic waves in cambium and figured wood formation. — In:
IgBaL M. [ed.]: The cambial derivatives: 69-92. — In: Carrquist S., CutLeEr D.E, Fink S,
Ozenpa P, RotH 1. & ZiecLer H. [Hrsg.]: Handbuch der Pflanzenanatomie. Spezieller Teil.
Band 9/4. — Berlin, Stuttgart: Gebriider Borntraeger.

Zuang C., Fujita M. & Takase K. (2002): Expectations and analysis of the tangential arrangement of
cambial cells in Japanese hardwood species. — J. Wood Sci. 48: 353—358.

ZiMMERMANN M. H. & JeJE A. A. (1981): Vessel-length distribution in stems of some American woody
plants. — Canad. J. Bot. 59: 1882-1892.

Address of the author:

Alexander C. Timonin

Dept. Higher Plants, Lomonosov Moscow State University
Leninskie Gory 1(12)

119234, Moscow, Russia

E-mail: timonin58@mail.ru

17



ZOBODAT - www.zobodat.at

Zoologisch-Botanische Datenbank/Zoological-Botanical Database
Digitale Literatur/Digital Literature

Zeitschrift/dournal: Wulfenia

Jahr/Year: 2021

Band/Volume: 28

Autor(en)/Author(s): Timonin Alexander C.

Artikel/Article: Remote evolutionary constraint to the vascular cambium of seed
plants 1-17


https://www.zobodat.at/publikation_series.php?id=7139
https://www.zobodat.at/publikation_volumes.php?id=71260
https://www.zobodat.at/publikation_articles.php?id=521305

