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     The phloem is a plant tissue with a critical role in plant nutri-
tion and signaling, through the conduction of photosynthates 
and a multitude of other molecules (e.g., RNAs). Despite its 
importance, the evolution of the phloem has never been inves-
tigated within a phylogenetic context. In Bignonieae (Bignoni-
aceae), two distinct types of secondary phloem are present in 
the stems: a regular phloem (present in the interwedges) and a 
variant phloem (present in the wedges; see  Fig. 1 ). This feature 
results from the presence of a cambial variant in the stems and 
is distinctive of representatives of Bignonieae. A cambial vari-
ant is an unusual type of secondary growth that varies from the 
presence of multiple cambia to the differential production of 
secondary tissues or even the inward formation of phloem in-
stead of outward ( Schenck, 1893 ;  Carlquist, 2001 ). Because 
many cambial variants are taxon-specifi c, various plant fami-
lies can be recognized exclusively by the anatomical confi gura-

tion of their stems ( Schenck, 1893 ;  Caball é , 1993 ). Moreover, 
cambial variants are thought to have played important roles in 
the diversifi cation of individual plant families (e.g., Bignoni-
aceae;  Pace et al., 2009 ). 

 The presence of a cambial variant is a synapomorphy of 
the tribe Bignonieae ( Lohmann, 2006 ), the most abundant 
and diverse group of lianas in the neotropics ( Gentry, 1991 ; 
 Lohmann, 2006 ). In addition, the different forms that these 
variants can adopt represent synapomorphies of clades within 
this tribe ( Lohmann, 2006 ,  2011 ;  Pace et al., 2009 ). The pres-
ence of cambial variants is much more common in lianas than 
in any other life form and has been suggested to increase the 
fl exibility of stems for climbing by mixing soft tissues (e.g., 
phloem and parenchyma) with the stiff secondary xylem ( Fisher 
and Ewers, 1992 ;  Rowe et al., 2004 ;  Isnard and Silk, 2009 ). 
Conversely, cambial variants may also act in injury repair 
( Dobbins and Fisher, 1986 ) and water storage ( Carlquist, 2001 ). 
Specifi cally in the Bignoniaceae, cambial variants were shown 
also to directly infl uence the development of secondary xylem 
( Lima et al., 2010 ). The evolution of cambial variants occurred 
multiple times during the history of plants, from fossil pteri-
dosperms such as  Medullosa steinii  ( Dunn et al., 2003 ) to the 
extant core eudicots (Bignoniaceae, Fabaceae, Malpighi-
aceae, Sapindaceae, among others;  Schenck, 1893 ;  Carlquist, 
2001 ;  Spicer and Groover, 2010 ), suggesting that these alterna-
tive forms of secondary growth may confer great advantage to 
the lianoid habit. 

 Specifi cally in Bignonieae, four to multiples of four portions 
of an initially regular growing cambium modify their activity, 
producing less xylem and more phloem and creating a pattern 
of phloem wedges that furrow the xylem ( Dobbins, 1971 ;  Pace 
et al., 2009 ). The uniqueness of this cambial variant, however, 
comes from the fact that the four cambial regions with altered 
activity coexist with regions that maintain a regular secondary 
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   •   Premise of the study : The phloem is a plant tissue with a critical role in plant nutrition and signaling. However, little is still 
known about the evolution of this tissue. In lianas of the Bignoniaceae, two distinct types of phloem coexist: a regular and a 
variant phloem. The cells associated with these two phloem types are known to be anatomically different; however, it is still 
unclear what steps were involved in the evolution of such differences. 

  •    Methods : Here we studied the anatomical development of the regular and variant phloem in representatives of all 21 genera of 
Bignonieae and used a phylogenetic framework to investigate the timing of changes associated with the evolution of each 
phloem type. 

  •   Key results : We found that the variant phloem always appears in a determinate location, between the leaf orthostichies. Fur-
thermore, the variant phloem was mostly occupied by very wide sieve tubes and generally included a higher concentration of 
fi bers, indicating an increase in conduction and mechanical support. On the other hand, the regular phloem included much more 
parenchyma, more and wider rays, and tiny sieve tubes that resembled terminal sieve tubes from plants with seasonal formation 
of vascular tissues; these fi ndings suggest reduced conduction and higher storage capacity in the regular phloem. 

  •   Conclusions : Overall, differences between the regular and variant phloem increased over time, leading to further specialization 
in conduction in the variant phloem and an increase in storage specialization in the regular phloem.  

  Key words:    Bignoniaceae; cambial variant; development; evolution; liana; paedomorphosis; phloem; sieve tubes. 
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 Another remarkable feature of this cambial variant is the fact 
that the phloem produced by the variant portions is not identical to 
the phloem produced by the regular portions ( Dobbins, 1971 ;  Pace 
et al., 2009 ). In Bignonieae, four main differences were recorded: 
(1) a difference in the rate of differentiation of xylem and phloem 
between the regular and variant portions ( Schenck, 1893 ; 
 Solereder, 1908 ), (2) more divisions in the regular phloem of the 
fusiform phloem derivatives that give rise to the sieve tube 

growth within the stem ( Solereder, 1908 ;  Dobbins, 1971 ), a very 
unusual feature. Thus, the variant cambium produces more phloem 
than xylem inside the phloem wedges, while the regular cambium 
has regular activity producing more xylem than phloem in the re-
gions between the wedges (interwedges). To our knowledge, such 
a situation is present exclusively in the Bignoniaceae ( Dobbins, 
1971 ), Celastraceae s.l. (Hippocrateaceae in  Obaton, 1960 ), and 
Icacinaceae ( Bailey and Howard, 1941 ;  Lens et al., 2008 ). 

 Fig. 1.   Transverse section of  Mansoa diffi cilis  illustrating the position of the variant phloem (VP) within phloem wedges and the position of the regular 
phloem (RP) in the interwedges.   

 Fig. 2.   Summary of phylogenetic relationships between the 21 genera of Bignonieae as proposed by  Lohmann (2006 ,  2011 ).   
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mental information was being missed from the analyses conducted with 2-cm 
diameter stems. 

 Since the phloem represents a very fragile tissue that rapidly collapses when 
dried, analyses of the phloem require liquid-preserved materials. Therefore, as 
soon as stems were collected in the fi eld, they were immediately sectioned into 
portions no more than 5 cm in length and fi xed in Karnovsky ’ s ( 1965 ) solution 
or 70% formalin-acetic acid alcohol (FAA;  Berlyn and Miksche, 1976 ) for up 
to 10 d under vacuum. After that, materials were transferred to a solution of 
70% ethanol. To obtain good anatomical slides, all samples were fi rst softened 
in ethylenediamine for up to 4 d ( Carlquist, 1982 ), then gradually embedded in 
polyethylene glycol 1500 ( Rupp, 1964 ), and fi nally sectioned with the help of 
an anti-tearing resin made from an expanded polystyrene dissolved in butyl 
acetate and placed on upon the samples to be sectioned with the aid of an adhe-
sive tape ( Barbosa et al., 2010 ). This technique prevents tissues from tearing 
apart, allowing us to obtain entire cross sections of stems. Sections were dou-
ble-stained in astra-blue and safranin ( Bukatsch, 1972 ), then mounted in a syn-
thetic resin to make permanent slides. Whenever we wished to obtain anatomical 
sections less than 10   μ  m thick, samples were cut into small cubes of 3 mm 
(including phloem and contiguous cambium and xylem), and subsequently em-
bedded in Historesin (Leica Microsystem, Wetzlar, Germany). In this case, 
materials were sectioned in a rotary microtome and stained in 0.05% toluidine 
blue O in glacial acetic buffer at pH 4.7 ( O ’ Brien et al., 1964 ). 

 Characterization of the variant and regular phloem   —     Anatomical sections 
were used as a basis to characterize the variant and regular phloem types pres-
ent in the stems of representatives of Bignonieae. First, we described the posi-
tion of the regular and variant phloem in the stem. Second, we characterized 
each of the four cell types encountered in the secondary phloem (i.e., sieve 

elements and associated companion cells ( Dobbins, 1971 ), (3) 
wider sieve tubes in the variant phloem ( Dobbins, 1971 ;  Pace 
et al., 2009 ), and (4) a lack of radial anticlinal divisions in the 
variant cambia ( Pace et al., 2009 ). Even though these differences 
have long been documented, it is still unclear how exactly these 
differences evolved over time. 

 Here we thoroughly compared the regular phloem and the vari-
ant phloem in Bignonieae and investigated the patterns of change 
in each phloem type within a phylogenetic framework. More spe-
cifi cally, we detected how and when particular differences evolved 
in a comparative fashion and tested whether differences between 
phloem types increased or decreased over time. 

 MATERIALS AND METHODS 

 Taxon sampling and anatomical procedures   —     Fifty-nine species of 
Bignonieae, representing all 21 genera currently recognized in the tribe 
( Lohmann, 2006 ,  2011 ;  Fig. 2 ) were collected in the fi eld or obtained from 
living collections; only a few specimens were obtained from wood collections 
(see Appendix 1). Because stem diameter has been shown to represent a good 
proxy for the multiple qualities of the stem ( Rosell and Olson, 2007 ), we used 
stems with ca. 2-cm diameter for all analyses; this diameter is the most common 
diameter of lianas growing in their natural environments ( Schnitzer et al., 2006 ) 
and represents adults of a reasonable size ( Gerwing et al., 2006 ). For most spe-
cies, stems of thicker diameters were also collected to ensure that no develop-

 Fig. 3.   Position of phloem wedges (variant phloem). (A) Macroscopic view of a stem in transverse section with four phloem wedges in alternation with 
two leaf petioles departing from the stem (unidentifi ed species of Bignonieae). (B) Nodal anatomy of a young stem at the beginning of secondary growth, 
with four phloem wedges in alternation with the leaves ( Dolichandra unguis-cati ). Dotted lines indicate an axillary bud with its leaf primordia, and dashed 
lines indicate a petiole departing from the stem. (C) Spiral pattern of phloem wedges indicated by the furrows in a dead branch (unidentifi ed species of 
Bignonieae). Scale bar: 500  µ m.   
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 Fig. 5.   Different developmental stages of a stem showing the amount of xylem (stroke with bars) and phloem (simple stroke) produced at each stage 
( Tynanthus cognatus ). X = xylem, P = phloem.   

 Fig. 4.   Cambial dissection and inclusion. (A) Continuous cambium about to dissect, indicated by arrows ( Adenocalymma divaricatum ). (B) Variant 
cambium (asterisks) included within a phloem wedge ( Tynanthus cognatus ). Scale bar: A = 100  µ m, B = 500  µ m, VP = variant phloem, RP = regular 
phloem, Asterisks: A = variant cambium, B = variant cambium + xylem in differentiation.   

tubes with their associated companion cells, parenchyma, fi bers, and rays) for 
each phloem type. Cell types were characterized both through qualitative and 
quantitative traits, with measurements taken in transverse section using the free 
software ImageJ version 1.39d (http://rsb.info.nih.gov/ij/). For all measurements, 
at least 30 cells were randomly sampled per phloem type, and subsequently had 
their average calculated per species. A paired  t  test with   α   = 0.05 was performed 
to test whether the averages for regular and variant phloem were signifi cantly 
different. The numerical data collected for the regular and variant phloem are 
presented in  Tables 1 and 2 ; species received from wood collections were not 
included in the quantitative analyses, since their phloem was dehydrated and 
therefore not perfectly preserved. A question mark was used to indicate a missing 
datum whenever we were unable to calculate a particular value. Graphics and 
statistical tests were performed in Excel (Microsoft, Redmond, Washington, 
USA) and using the free software R (http://www.R-project.org). Details on the 
specifi c traits and measurements made for each cell type are presented next. 

 Sieve tube elements   —     Sieve tubes were characterized in terms of their shape, 
arrangement, frequency (total cells per transverse area), total area occupied 
(percentage of area occupied by sieve tubes), individual area (the average area 
occupied by a single sieve tube), and individual diameter. Frequencies were 

obtained by counting the number of cell types in a grid of 50 mm 2  within the 
variant phloem (with at least four repetitions per specimen) and in grids of 
10 mm 2  for the regular phloem given the smaller thickness of the regular phloem 
tissue. To make the data from the regular and variant phloem comparable, we 
multiplied the results from the regular phloem by fi ve. The same approach was 
used to estimate the percentage of cells per area. 

 Because sieve tubes are not circular and have irregular shapes, we docu-
mented the area of each cell instead of the diameter. However, we further cal-
culated the square root of the areas to obtain an approximate diameter for the 
individual cells and, hence, make our data comparable to the diameter data 
available in the literature. 

 Parenchyma   —     Parenchyma was characterized in terms of the frequency of 
the axial parenchyma and the total area occupied. Frequencies were obtained 
following the same procedure described for sieve tubes. 

 Sclerenchyma   —     Sclerenchyma was characterized in terms of its type (fi bers 
or sclereids) and arrangement (equal or different arrangement between regular 
and variant portions). Fibers and sclereids were distinguished following  Evert 
(2006) . 
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 Fig. 6.   (A, B) Regular and variant phloem types in  Styzophyllum riparium . (A) Regular phloem, with narrow and rectangular sieve tubes indicated by 
arrows, arranged in clusters and groups of 2 – 3 cells; note the relative abundance of parenchyma in the phloem and the presence of multiseriate rays. 
(B) Variant phloem, with wide round-shaped sieve tubes, arranged in multiples of 2 – 3 cells; note the scanty parenchyma in the phloem and the predomi-
nantly uniseriate rays indicated by arrows. (C, D) Regular phloem in  Tynanthus cognatus.  (C) Sieve tubes arranged in assemblages (arrows). (D) Detail 
of an assemblage. Note that each assemblage has exactly the same shape as a neighboring parenchyma cell, indicating that assemblages are derived 
from the division of a single fusiform phloem derivative. CZ = cambial zone, Pc = parenchyma cell, R = ray, ST = sieve tube. Scale bars = A, B, 50  µ m; 
C, 100  µ m; D, 30  µ m.   

 Rays  —    Ray cells were characterized by their width and height in tangential 
sections. 

 Crystals  —    Whenever present, crystals were characterized in terms of their 
shape (e.g., acicular, prismatic), according to the types described by the  IAWA 
Committee (1989) . 

 Phylogenetic independent contrasts and ancestral character state recon-
structions   —     All characters considered in this study are variable between the 
regular and variant phloem. Character state reconstructions of discrete char-
acters were carried using parsimony algorithms in the program MacClade 
4.06 ( Maddison and Maddison, 2003 ) and likelihood assumptions in the pro-
gram Mesquite 2.06 ( Maddison and Maddison, 2009 ). Character state recon-
structions of continuous characters also used both parsimony and likelihood 
assumptions and were performed in Mesquite 2.06 ( Maddison and Maddison, 
2009 ). In addition, an analysis of phylogenetic independent contrast was per-
formed using the Phenotypic Diversity Analysis Program (PDAP) imple-
mented in Mesquite 2.06 ( Midford et al., 2003 ) to estimate whether the 
patterns observed in the continuous characters were independent from their 
phylogenetic history. 

 A robust molecular phylogeny of Bignonieae including 104 species was 
used as the basis for all analyses ( Lohmann, 2006 ). However, since this phylog-
eny did not contain all the 383 species currently recognized in Bignonieae 
( Lohmann and Ulloa Ulloa, 2010 ), we collapsed the branches in the deepest 
nodes of genera and introduced the remaining 279 species that were not in-
cluded in this phylogeny following the most recent classifi cation of the group 
( Lohmann, 2011 ). This approach led to a tree that included all species of Bi-
gnonieae currently recognized. We then used this tree to prepare a second tree 
from which we pruned all species that had not been sampled for the anatomical 
analysis. Both trees were used to reconstruct ancestral character states and to 
perform PDAP calculations. Because no differences were encountered in the 
analyses using the two trees, we only present the results based on the tree that 
exclusively included the species with complete anatomical sampling. 

 RESULTS 

 Characterization of the regular and variant phloem   —      Posi-
tion of the regular and variant phloem in the stem   —     The four 
phloem wedges present in the stems of Bignonieae are always 
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  Table  1. Data for the sieve tubes and parenchyma cells in the variant and regular phloems. 

Species Habit

Sieve tube elements Parenchyma

Frequency 
(cells/50 mm 2 )

Total occupied 
area (%)

Individual areas 
(  μ  m 2 )

Diameter 
(  μ  m)

Frequency 
(cells/50 mm 2 )

Total occupied 
area (%)

Regular Variant Regular Variant Regular Variant Regular Variant Regular Variant Regular Variant

 Adenocalymma 
bracteatum 

Liana ? ? ? ? 244   ±   88 1356   ±   276 15   ±   4 38   ±   14 ? ? ? ?

 Adenocalymma 
comosum 

Liana 48   ±   18 34   ±   5 4.1 45.6 336   ±   120 2108   ±   640 18   ±   8 46   ±   11 198   ±   52 64   ±   15 56.3 29.7

 Adenocalymma 
divaricatum 

Liana 46   ±   19 24   ±   5 1.5 26.9 124   ±   32 2236   ±   444 11   ±   4 47   ±   12 274   ±   15 57   ±   7 40.8 10.6

 Adenocalymma 
fl avifl orum 

Liana 31   ±   9 36   ±   4 2.8 37.5 252   ±   80 1728   ±   169 16   ±   4 41   ±   10 210   ±   35 73   ±   8 42.5 32.2

 Adenocalymma 
neofl avidum 

Liana 57   ±   17 38   ±   3 5.9 31.5 248   ±   62 1604   ±   207 16   ±   3 40   ±   4 245   ±   60 80   ±   10 52.7 20.9

 Adenocalymma 
nodosum 

Shrub 95   ±   45 57   ±   10 6.6 23.4 192   ±   47 516   ±   104 14   ±   4 23   ±   17 215   ±   37 98   ±   19 44.8 42.1

 Adenocalymma 
peregrinum 

Shrub 35   ±   18 61   ±   4 3.1 24.9 168   ±   43 652   ±   120 13   ±   5 25   ±   8 190   ±   17 120   ±   12 47.6 32.3

 Adenocalymma 
salmoneum 

Liana 46   ±   14 39   ±   7 3.0 33.0 124   ±   40 1752   ±   240 11   ±   4 42   ±   4 168   ±   14 64   ±   2 41.9 21.2

 Amphilophium 
bracteatum 

Liana 76   ±   21 28   ±   3 24.1 56.4 498   ±   140 2389   ±   370 22   ±   4 49   ±   5 167   ±   15 66   ±   9 74.5 42.1

 Amphilophium 
crucigerum 

Liana 86   ±   12 32   ±   7 16.5 20.6 340   ±   101 1156   ±   250 18   ±   4 34   ±   14 150   ±   16 120   ±   9 78.7 66.3

 Amphilophium 
dolichoides 

Liana ? ? ? ? 640   ±   98 3400   ±   349 25   ±   6 58   ±   7 ? ? ? ?

 Amphilophium 
elongatum 

Liana 63   ±   22 61   ±   15 14.9 71.9 488   ±   109 2848   ±   361 22   ±   7 53   ±   18 136   ±   26 68   ±   10 73.9 17.2

 Amphilophium 
magnoliifolium 

Liana ? ? ? ? 912   ±   107 1668   ±   238 30   ±   4 41   ±   12 ? ? ? ?

 Amphilophium 
paniculatum 

Liana 58   ±   18 29   ±   8 46.5 70.4 2156   ±   230 5500   ±   472 46   ±   5 74   ±   16 156   ±   25 78   ±   4 48.5 25.2

 Anemopaegma 
chamberlaynii 

Liana 49   ±   13 34   ±   3 9.4 29.4 504   ±   67 1588   ±   222 24   ±   2 40   ±   7 170   ±   19 102   ±   6 47.8 29.9

 Bignonia binata Liana 61   ±   25 60   ±   5 6.3 42.1 80   ±   44 1256   ±   245 9   ±   4 35   ±   4 195   ±   39 122   ±   15 49.6 26.5
 Bignonia campanulata Liana 53   ±   37 59   ±   1 3.1 46.5 148   ±   35 1316   ±   218 12   ±   4 36   ±   6 218   ±   116 81   ±   14 65.8 22.5
 Bignonia corymbosa Liana ? ? ? ? 340   ±   99 1560   ±   209 18   ±   3 39   ±   9 ? ? ? ?
 Bignonia magnifi ca Liana 61   ±   25 59   ±   17 9.7 33.5 1200   ±   164 2880   ±   349 35   ±   7 54   ±   5 161   ±   30 88   ±   13 66.3 43.0
 Callichlamys latifolia Liana 35   ±   15 34   ±   3 8.0 44.1 528   ±   130 2112   ±   289 23   ±   5 46   ±   5 115   ±   29 63   ±   6 57.1 28.0
 Cuspidaria convoluta Liana 19   ±   14 21   ±   4 1.2 37.2 124   ±   33 3340   ±   462 11   ±   3 58   ±   6 211   ±   25 76   ±   7 64.7 18.0
 Cuspidaria pulchra Shrub 25   ±   16 27   ±   9 2.1 8.3 180   ±   39 372   ±   97 13   ±   5 19   ±   5 165   ±   31 91   ±   6 91.4 16.7
 Dolichandra 

unguiculata 
Liana 48   ±   22 41   ±   11 12.4 54.7 600   ±   90 2300   ±   243 24   ±   5 48   ±   7 101   ±   10 77   ±   7 54.2 29.3

 Dolichandra unguis-cati Liana 73   ±   19 49   ±   10 13.2 36.5 276   ±   48 716   ±   168 17   ±   6 27   ±   5 263   ±   18 109   ±   21 56.2 40.1
 Fridericia chica Liana 43   ±   5 31   ±   2 6.7 25.0 328   ±   149 1376   ±   289 18   ±   7 37   ±   12 268   ±   49 74   ±   11 63.3 25.9
 Fridericia conjugata Liana 30   ±   24 24   ±   10 6.6 37.4 492   ±   154 3584   ±   485 22   ±   3 60   ±   8 223   ±   23 78   ±   7 56.2 35.3
 Fridericia platyphylla Shrub 19   ±   6 36   ±   5 1.6 25.7 156   ±   42 1272   ±   297 12   ±   4 36   ±   7 119   ±   19 56   ±   9 51.8 16.8
 Fridericia samydoides Liana 39   ±   7 20   ±   3 3.6 31.3 200   ±   46 4172   ±   489 14   ±   4 64   ±   8 150   ±   18 66   ±   8 61.5 23.4
 Fridericia speciosa Liana 38   ±   7 35   ±   7 3.9 39.5 220   ±   30 2620   ±   320 14   ±   4 51   ±   7 160   ±   37 70   ±   6 59.1 19.0
 Lundia cordata Liana 46   ±   16 17   ±   5 1.6 23.8 76   ±   21 2412   ±   311 9   ±   3 49   ±   6 214   ±   56 46   ±   17 67.5 11.6
 Lundia corymbifera Liana 88   ±   38 30   ±   5 1.6 16.6 60   ±   12 1029   ±   401 8   ±   3 32   ±   7 135   ±   78 67   ±   18 47.0 31.4
 Lundia damazii Liana 60   ±   13 28   ±   3 4.1 30.0 164   ±   60 2008   ±   428 13   ±   4 45   ±   8 280   ±   45 81   ±   21 82.5 18.9
 Lundia glazioviana Liana 36   ±   16 18   ±   2 1.0 17.6 72   ±   43 1500   ±   309 8   ±   2 39   ±   10 170   ±   18 66   ±   8 63.3 25.1
 Manaosella cordifolia Liana 46   ±   15 33   ±   3 10.7 45.0 448   ±   81 1904   ±   235 21   ±   4 44   ±   7 156   ±   27 92   ±   10 66.1 30.6
 Mansoa diffi cilis Liana 74   ±   21 24   ±   5 7.6 32.9 168   ±   34 2416   ±   305 13   ±   3 49   ±   9 219   ±   16 101   ±   19 56.5 37.4
 Mansoa onohualcoides Liana ? ? ? ? 180   ±   43 1908   ±   310 13   ±   2 45   ±   5 ? ? ? ?
 Mansoa standley Liana 83   ±   19 48   ±   6 6.6 30.8 156   ±   46 1032   ±   169 12   ±   2 32   ±   5 290   ±   46 142   ±   23 74.3 36.1
 Martinella obovata Liana ? ? ? ? 260   ±   22 1804   ±   62 16   ±   2 42   ±   3 ? ? 45.6 30.5
 Neojobertia mirabilis Liana 44   ±   18 17   ±   8 5.9 28.8 316   ±   87 3576   ±   426 18   ±   6 60   ±   6 146   ±   38 55   ±   6 52.6 18.8
 Pachyptera kerere Liana ? ? ? ? 112   ±   20 740   ±   85 10   ±   2 28   ±   4 ? ? 38.6 37.4
 Perianthomega vellozoi Liana 35   ±   4 42   ±   3 2.2 29.0 164   ±   45 1280   ±   450 13   ±   3 36   ±   10 119   ±   28 68   ±   9 66.6 37.4
 Pleonotoma stichadenia Liana 40   ±   12 25   ±   4 1.7 18.3 96   ±   33 960   ±   289 10   ±   2 31   ±   12 215   ±   21 67   ±   12 79.2 22.2
 Pleonotoma tetraqueta Liana 25   ±   14 15   ±   6 4.0 27.3 324   ±   45 2484   ±   401 18   ±   3 50   ±   8 125   ±   14 61   ±   23 67.8 32.5
 Pyrostegia venusta Liana 74   ±   16 34   ±   4 9.5 40.4 324   ±   40 2188   ±   512 18   ±   2 47   ±   6 258   ±   64 73   ±   9 65.8 37.6
 Stizophyllum riparium  1 Liana 101   ±   25 60   ±   12 8.0 39.6 224   ±   34 1408   ±   342 14   ±   3 37   ±   8 243   ±   23 64   ±   9 71.9 11.9
 Stizophyllum riparium 2 Liana 98   ±   15 40   ±   10 5.7 28.5 152   ±   14 1600   ±   102 12   ±   2 40   ±   6 195   ±   32 54   ±   12 65.8 11.9
 Stizophyllum riparium 3 Liana 111   ±   50 29   ±   2 5.0 35.6 96   ±   34 2480   ±   501 10   ±   4 50   ±   5 209   ±   32 30   ±   6 77.3 9.6
 Tanaecium bilabiatum Liana 36   ±   13 32   ±   4 1.9 17.8 92   ±   16 1756   ±   310 9   ±   2 42   ±   8 184   ±   50 79   ±   12 61.0 21.0
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Table 1. Continued.

Species Habit

Sieve tube elements Parenchyma

Frequency 
(cells/50 mm 2 )

Total occupied 
area (%)

Individual areas 
(  μ  m 2 )

Diameter 
(  μ  m)

Frequency 
(cells/50 mm 2 )

Total occupied 
area (%)

Regular Variant Regular Variant Regular Variant Regular Variant Regular Variant Regular Variant

 Tanaecium 
pyramidatum  1

Liana 55   ±   9 21   ±   2 5.3 31.1 196   ±   43 2832   ±   634 14   ±   10 53   ±   16 141   ±   39 60   ±   9 68.6 28.4

 Tanaecium 
pyramidatum 2 

Liana 46   ±   9 25   ±   5 5.0 13.1 128   ±   50 1336   ±   489 11   ±   5 36   ±   12 136   ±   45 79   ±   18 55.2 31.6

 Tynanthus cognatus Liana 65   ±   19 16   ±   2 2.7 35.6 96   ±   13 3936   ±   1000 10   ±   2 63   ±   17 150   ±   23 67   ±   12 40.9 22.6
 Tynanthus elegans Liana 69   ±   17 24   ±   3 2.3 38.5 80   ±   18 3712   ±   870 8   ±   2 61   ±   12 171   ±   22 86   ±   11 39.2 20.6
 Xylophragma 

myrianthum 
Liana 53   ±   31 12   ±   3 2.2 28.8 96   ±   21 4704   ±   580 10   ±   2 68   ±   16 220   ±   38 86   ±   12 57.2 16.4

produced between the leaf orthostichies ( Fig. 3A, B ). Because 
the phyllotaxy is decussate, the four variant portions con-
stantly rotate in the stems, promoting a spiral pattern usually 
visible from outside the stem ( Fig. 3C ). The regular portions 
of the cambium keep producing more xylem inward than 
phloem outward, while the variant cambium greatly decreases 
the production of xylem and increases the production of phloem. 
As a result, two reverse cambial displacements are established 
in these stems. These different displacements fi nally lead to 
cambial dissection ( Fig. 4A ) and inclusion inside phloem 
wedges ( Fig. 4B ). Even though the regular and variant cambia 
produce xylem and phloem at different rates, this production 
continues throughout the plant ’ s life, as evidenced by the 
comparison of different developmental stages of the same 
branch ( Fig. 5 ). 

 Sieve tube elements  —    Sieve tube elements from the regular 
phloem were shown to differ from those in the variant phloem 
in terms of their shape, width, and arrangement. In the regular 
portions of the phloem, sieve tubes were generally rectangular 
and presented a small radial diameter ( Fig. 6A ). In addition, 
sieve tubes from the regular portions of the phloem were en-
countered in clusters, solitary, or in pairs scattered among pa-
renchyma cells ( Fig. 6A ). Furthermore, a group of tiny sieve 
tubes was often found in association with their companion cells 
and smaller parenchyma cells, all of which formed an assem-
blage ( Fig. 6C, D ). Assemblages generally presented the same 
shape and size as their neighboring parenchyma cells ( Fig. 6C, 
D ), suggesting that both cell types originated from a single fusi-
form derivative. On the other hand, most sieve tube elements 
from the variant portions of the phloem were large and round 
( Fig. 6B ), generally arranged in multiples of two or more ( Fig. 
6B ). 

 Overall, the regular phloem presented a higher number of 
sieve tubes per square millimeter (54 cells/50 mm 2 ) than the 
variant phloem (34 cells/50 mm 2 ;  Table 1 ). However, only 7% 
of the total area of the regular phloem was occupied by sieve 
tubes, contrasting with 34% of the total area occupied by sieve 
tubes from the variant phloem ( Table 1 ). This is the result of the 
remarkable difference in width between sieve tubes of the reg-
ular and variant phloem types, as confi rmed by a  t  test ( Table 
2 ); this pattern was found in all species analyzed ( Fig. 7 ). Over-
all, sieve tubes from the variant phloem had an average area of 
1756  µ m 2  and an average diameter of 42  µ m, while sieve tubes 
from the regular phloem had an average area of 192  µ m 2  and an 
average diameter of 14  µ m. 

 The difference in sieve tube areas was documented in both 
lianas and shrubs of Bignonieae. However, we encountered the 
narrowest sieve tubes of the tribe in the variant phloem of 
shrubs. The area of such narrow sieve tubes ranged from 372 
to 1272  µ m 2 . In the regular phloem, however, shrubs had 
sieve tube diameters that were similar to those of the lianas 
( Table 1 ). 

 Parenchyma  —    In the regular phloem, the parenchyma gener-
ally covered more than 50% of the total phloem area ( Figs. 6A, 
6C, 8A ). In the variant phloem, on the other hand, the paren-
chyma generally covered less than 30% of the total phloem area 
( Figs. 6B, 8B ;  Table 1 ) 

 Sclerenchyma  —    Most genera in the tribe presented phloem 
fi bers in the regular and variant portions of the conducting 
phloem, except for  Pleonotoma , which only presented sclereids 
in the regular portion of the phloem ( Fig. 8A ). Individual 
phloem fi bers did not differ in shape or diameter between the 
regular and variant portions of the phloem. However, in the 
variant phloem, two different arrangements of fi ber bands were 
encountered. The fi rst fi ber arrangement was composed of fi ber 
bands of identical distribution in both the regular and variant 
portions of the phloem, forming a continuum ( Fig. 8F ). In the 
second fi ber distribution, however, fi ber bands were present in 
the regular phloem, while a less-defi ned matrix of closely 
spaced fi bers was encountered in the variant portion of the 
phloem ( Fig. 8G ). 

 Rays  —    In most species of Bignonieae (the core Bignonieae 
clade), rays of the regular phloem were high ( > 1 mm) and mul-
tiseriate ( Fig. 9A ), while rays from the variant phloem were 
short ( < 1 mm) and uniseriate to biseriate ( Fig. 9B ). On the other 
hand, phloem rays of  Perianthomega  were equally distributed, 
all being high and wide, both in the regular and variant portions 
of the phloem ( Figs. 9C, D ). 

 Crystals  —    Three different types of crystals were encountered 
in the axial and ray parenchyma of Bignonieae: prismatic, ac-
icular, and styloid. Virtually, all species analyzed have the same 
pattern of crystal content both in the regular and variant por-
tions, except for one genus,  Pleonotoma , whose differences are 
very strong. The regular phloem of  Pleonotoma  contains axial 
and ray parenchyma fully occupied by acicular crystals ( Fig. 
8C, D ), while its variant phloem contains exclusively prismatic 
crystals ( Fig. 8E ). 
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  Table  2. Results from the paired  t  test between sieve tube areas of the 
regular and variant phloem. 

Species  P  value df  t 

Signifi cant 
difference 
between 
means

 Adenocalymma bracteatum 87   ×   10  − 4 3 06.13 Yes
 Adenocalymma comosum 24   ×   10  − 15 29 16.60 Yes
 Adenocalymma divaricatum 14   ×   10  − 22 29 25.84 Yes
 Adenocalymma fl aviforum 14   ×   10  − 14 29 12.91 Yes
 Adenocalymma neofl avidum 14   ×   10  − 22 29 25.80 Yes
 Adenocalymma nodosum 48   ×   10  − 9 29 07.30 Yes
 Adenocalymma peregrinum 18   ×   10  − 13 29 11.66 Yes
 Adenocalymma salmoneum 94   ×   10  − 16 29 14.40 Yes
 Amphilophium bracteatum 20   ×   10  − 4 17 04.79 Yes
 Amphilophium crucigerum 12   ×   10  − 15 29 09.76 Yes
 Amphilophium dolichoides 42   ×   10  − 11 29 14.22 Yes
 Amphilophium elongatum 82   ×   10  − 14 29 12.04 Yes
 Amphilophium magnoliifoliium 72   ×   10  − 7 29 05.44 Yes
 Amphilophium paniculatum 25   ×   10  − 14 29 11.49 Yes
 Anemopaegma chamberlaynii 95   ×   10  − 13 29 10.89 Yes
 Bignonia binata 12   ×   10  − 11 28 09.86 Yes
 Bignonia campanulata 25   ×   10  − 14 28 12.92 Yes
 Bignonia corymbosa ? ? ? ?
 Bignonia magnifi ca 37   ×   10  − 11 28 09.38 Yes
 Callichlamys latifolia 44   ×   10  − 10 29 08.23 Yes
 Cuspidaria convoluta 25   ×   10  − 17 29 16.55 Yes
 Cuspidaria pulchra ? ? ? ?
 Dolichandra unguiculata 23   ×   10  − 17 29 16.60 Yes
 Dolichandra unguis-cati 13   ×   10  − 5 29 04.41 Yes
 Fridericia chica 42   ×   10  − 10 36 07.68 Yes
 Fridericia conjugata 16   ×   10  − 18 29 18.37 Yes
 Fridericia platyphylla 59   ×   10  − 11 29 09.05 Yes
 Fridericia samydoides ? ? ? ?
 Fridericia speciosa ? ? ? ?
 Lundia cordata 29   ×   10  − 17 29 16.46 Yes
 Lundia corymbifera 13   ×   10  − 8 29 06.92 Yes
 Lundia damazii ? ? ? ?
 Lundia glazioviana 84   ×   10  − 11 29 08.90 Yes
 Manaosella cordifolia 84   ×   10  − 11 28 10.24 Yes
 Mansoa diffi cilis 25   ×   10  − 12 29 16.56 Yes
 Mansoa onohualcoides 49   ×   10  − 4 29 07.45 Yes
 Mansoa standley 10   ×   10  − 14 29 13.98 Yes
 Martinella obovata 21   ×   10  − 4 3 10.07 Yes
 Neojobertia mirabilis ? ? ? ?
 Pachyptera kerere 52   ×   10  − 4 3 07.33 Yes
 Perianthomega vellozoi 17   ×   10  − 5 30 04.50 Yes
 Tanaecium bilabiatum 46   ×   10  − 9 15 10.04 Yes
 Tanaecium pyramidatum 13   ×   10  − 11 41 08.49 Yes
 Tynanthus cognatus 94   ×   10  − 16 29 09.75 Yes
 Tynanthus elegans 94   ×   10  − 16 29 14.39 Yes
 Xylophragma myrianthum 46   ×   10  − 12 29 10.66 Yes

 Note:  ? = missing data.

 Ancestral state reconstructions and phylogenetic inde-
pendent contrasts   —      Sieve tube elements  —    In ancestral state 
reconstructions of sieve tube areas for the regular phloem, 
sieve tube areas of ca. 195  µ m 2  were inferred to represent the 
ancestral condition in the tribe ( Fig. 10A ). Furthermore, a 
relatively constant area (range 160 – 360  µ m 2 ) was encoun-
tered throughout Bignonieae, with the widest sieve tubes (ca. 
700  µ m 2 ) in  Amphilophium  and other representatives from 
the  “ multiples of four clade ”  (e.g.,  Bignonia magnifi ca  and 
 Dolichandra unguiculata ); this sieve tube area was signifi -
cantly higher than that inferred for the ancestor of the tribe 
( Fig. 10A ). The  “  Arrabidaea  and allies clade, ”  on the other 
hand, presented the lowest sieve tube areas in the regular 
phloem (129  µ m 2 ). Phylogenetic independent contrasts failed 

to indicate that the variation in sieve tube areas would be in-
dependent of the phylogenetic history of the species (PDAP 
with  P   >  0.05;  R  2  = 0.003). 

 Ancestral state reconstructions of the area of sieve tubes 
from the variant phloem led to a rather different scenario. 
More specifi cally, we observed a gradual increase in the area 
of sieve tubes from the most basal lineages toward more de-
rived clades ( Fig. 10B ). We inferred that the ancestor of 
Bignonieae presented sieve tubes with ca. 1616  µ m 2  in the 
variant phloem. The highest sieve tube areas were found in the 
 “  Arrabidaea  and allies clade ”  (2600  µ m 2 ) and other derived 
lineages (e.g.,  Amphilophium ,  Neojobertia ,  Xylophragma ). 
This observation was further corroborated through phyloge-
netic independent contrasts (PDAP with  P   <  0.05;  R  2  = 0.216), 
which indicated that the concentration of the widest sieve 
tubes in more derived lineages was independent of phyloge-
netic history. Furthermore, the difference between sieve tube 
areas from the regular and variant phloem types was also 
shown to increase toward more derived lineages (PDAP with 
 P   <  0.05;  R  2 = 0.186). 

 Parenchyma  —    Ancestral state reconstructions of parenchyma 
indicated an increase in the amount of phloem parenchyma to-
ward more derived lineages in the regular phloem ( Fig. 11 ). 
This observation was corroborated by phylogenetic indepen-
dent contrasts (PDAP with  P   <  0.05;  R  2  = 0.193), which indi-
cated that the concentration of increased amounts of parenchyma 
in more derived lineages was independent of phylogenetic his-
tory. On the other hand, ancestral state reconstructions indi-
cated a random pattern of variation in the phloem parenchyma 
of the variant phloem, with taxa that presented high amounts of 
parenchyma being more closely related to taxa with low 
amounts of parenchyma. 

 Fibers  —    Ancestral state reconstructions of fi bers indicated 
that the different fi ber arrangements evolved at least once in 
 Adenocalymma , once within the  “  Arrabidaea  and allies clade, ”  
once in  Pleonotoma , and once in  Styzophyllum  ( Fig. 12 ). The 
ancestral condition for Bignonieae and for the core Bignon-
ieae was equivocal in the parsimony reconstruction ( Fig. 12A ), 
but presented a high probability of presenting equal fi ber ar-
rangements in both phloem types in the likelihood reconstruc-
tion (81% and 65%, respectively;  Fig. 12B ). The highest 
liability in fi ber arrangement was found in  Adenocalymma , 
whose ancestral node had a 53% probability of having an equal 
fi ber arrangement in both the regular and variant phloem types 
( Fig. 12B ). 

 Rays  —    Ancestral state reconstructions of ray type indicated 
that unequal ray width and height are exclusive to the core 
Bignonieae clade, while rays with equal width and height are 
exclusive to  Perianthomega . 

 DISCUSSION 

 This study describes in detail the anatomical differences be-
tween the regular and variant phloem types that coexist in stems 
of Bignonieae. It further describes how these differences evolved 
over time, suggesting a subfunctionalization of the phloem and 
indicating that the regular phloem may have specialized in stor-
age, while the variant phloem may have specialized in the con-
duction of photosynthates. 
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 Fig. 7.   Comparison between sieve tube areas from the variant (V) and regular (R) phloem types in all genera analyzed.   

 Position of the regular and variant portions of the phloem   —      It 
has been hypothesized that the primary vascular pattern and po-
sition of decussate leaves are critical for the formation and regu-
lation of the cambial variant in Bignonieae ( Dobbins, 1970 , 
 1981 ,  2005 ). In this study, phloem wedges were always found 
between leaves, corroborating previous observations ( Schenck, 
1893 ;  Solereder, 1908 ) and the hypothesis that phloem wedges 
and their associated variant phloem are indeed related to leaf 
position. Phloem wedges were also found to present a spiral pat-
tern following the decussate phyllotaxis of Bignonieae. 

 Leaves represent centers of production of auxins, a hormone 
of pivotal role in vascular differentiation and pattern formation 
( Ye, 2002 ). As a consequence, it is likely that leaves may be 
directly correlated to the control of the regular and variant 
phloem ( Dobbins, 2005 ). However, the suggestion that the vari-
ant cambia may be unidirectional, i.e., that in some cases, the 
formation of xylem ceases completely ( Boureau, 1957 ;  Philipson 
and Ward, 1965 ;  Dobbins, 1971 ;  Philipson et al., 1971 ;  Philipson, 
1990 ;  Gabrielli, 1993 ), was never observed in the present study 
nor in more specifi c studies of xylem development within the 
group ( Lima et al., 2010 ). Even though the variant cambia 
clearly reduces the differentiation of xylem, it appears that xy-
lem production never ceases. 

 Anatomical differences between the regular and variant 
phloem   —      All phloem cell types observed presented some de-
gree of divergence between the regular and variant portions of 
the phloem (see  Fig. 13 ). In particular, sieve tubes presented a 

much smaller area in the regular portions of the phloem than in 
the variant portions, probably due to the number of divisions of 
the fusiform phloem derivatives of this zone, as described in 
 Dolichandra unguis-cati  ( Dobbins, 1971 ). Unlike the fusiform 
phloem derivatives of the variant portions of the phloem, the 
regular portions are subject to many more divisions, leading to 
narrower sieve tubes. Moreover, wider sieve tubes in the vari-
ant phloem were shown to be widespread in Bignonieae, which 
probably also holds true for other lianas in which the regular 
and variant portions coincide (see pictures in  Bailey and How-
ard, 1941  and  Lens et al., 2008 ). 

 Sieve tube shape, arrangement, and frequency also differed 
between the regular and variant portions of the phloem in all 
studied taxa. Sieve tubes from the regular phloem were smaller 
and rectangular, while sieve tubes from the variant portions 
were larger and round. The smallest sieve tubes from the regular 
portions of the phloem greatly resembled sieve tubes from the 
terminal phloem of plants with seasonal formation of secondary 
tissues with regards to their narrow radial diameter ( Schneider, 
1945 ;  Derr and Evert, 1967 ;  Deshpande and Rajendrababu, 
1985 ;  Rajput and Rao, 1998 ;  Angyalossy et al., 2005 ) and 
arrangement ( Angyalossy et al., 2005 ). Sieve tubes were also 
shown to be more frequent in the regular phloem than in the 
variant phloem; however, since sieve tubes from the regular 
phloem were much narrower than sieve tubes from the variant 
phloem, the difference in frequency likely refl ects the smaller 
area occupied by the individual sieve tubes from the regular 
phloem, in transverse section. In fact, sieve tubes of the variant 
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 Fig. 8.   (A – E) Regular and variant conducting phloem types in  Pleonotoma tetraquetra . (A) Regular phloem with abundant phloem parenchyma and 
sclereids, (B) Variant phloem with less phloem parenchyma and fi bers. (C, D) Regular phloem with acicular crystals (arrows) seen in detail in tangential 
section in (D). (E) Variant phloem with prismatic crystals (arrows). (F, G) Pattern of fi ber distribution in the regular and variant phloem types. (F) Same 
pattern of distribution in the regular and variant phloem ( Adenocalymma bracteatum ). (G) Distinct pattern of distribution in the regular and variant phloem 
( Stizophyllum riparium ). ST = sieve tube, SC = sclereids, F = fi bers. Scale bars: A, B = 100  µ m; C, E = 50  µ m; D = 25  µ m; E, F = 2 mm.   

phloem occupy 34% of the total area of the phloem, while only 
7% of the total area is occupied by sieve tubes in the regular 
phloem. In addition, sieve tubes are generally scattered in a ma-
trix of phloem parenchyma in the regular phloem, similarly to 
the terminal phloem of plants subject to seasonal growth of the 

vascular tissues. Overall, these features suggest that the sieve 
tubes from the regular portion conduct less photosynthates. 

 Parenchyma was much more abundant in the regular than in 
the variant portions of the phloem in all species. Furthermore, 
the amount of parenchyma was shown to increase in the regular 
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 Fig. 9.   Ray width and height. (A, B) Differential ray width and height between phloem types; high and multiseriate rays in the regular phloem vs. short 
and uniseriate rays in the variant phloem, as indicated by arrows ( Amphilophium crucigerum ). (C, D) Identical ray width and height in the regular and vari-
ant phloem types indicated by arrows ( Perianthomega vellozoi ). Scale bar: 200  µ m.   

phloem toward more derived lineages. Such an increase in the 
amount of parenchyma associated with the reduction in size of 
sieve elements in the regular phloem toward more derived lin-
eages suggests a gradual specialization for storage. 

 Two different patterns of fi ber distribution were documented in 
Bignonieae. While fi bers had the same pattern of distribution in the 

regular and variant portions of the phloem in some species, others 
had a differential distribution pattern in the regular and variant por-
tions of the phloem (i.e.,  Adenocalymma , the  “  Arrabidaea  and al-
lies clade, ”   Pleonotoma , and  Stizophyllum ). It is possible that the 
evolution of the differential pattern of fi ber distribution in the regu-
lar and variant portions of the phloem might be associated with 
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 Fig. 10.   Parsimony ancestral state reconstruction of sieve tube areas. (A) Regular phloem, (B) variant phloem.   
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 Fig. 11.   Parsimony ancestral state reconstruction of the percentage of phloem parenchyma per transactional area in the regular phloem.   

higher mechanical support and protection against injury by gir-
dling and herbivores; however, this hypothesis needs testing. 

 Phloem rays had the same width and height throughout the 
regular and variant portions of the phloem in  Perianthomega , 
but differed in width and height between the regular and variant 
phloem types of its sister group (i.e., the core Bignonieae), hence 
representing a synapomorphy of the core Bignonieae clade. In 
 Perianthomega  and in the regular phloem of the core Bignon-
ieae clade, rays were large and multiseriate as expected for li-
anas ( Carlquist, 1985 ;  Gasson and Dobbins, 1991 ;  Dias-Leme, 
2000 ). Conversely, they were short and uniseriate in the variant 
portions of all species of the core Bignonieae clade, exactly the 
opposite pattern expected. The presence of uniseriate rays inside 
the variant portions of the phloem is intriguing, especially since 
all other rays of stems are multiseriate. Given that studies with 
the cambium and secondary xylem have shown that rays are 
usually narrower at the beginning of the secondary growth 
( Barghoorn, 1940 ;  Chattaway, 1951 ), it is possible that the 
maintenance of this characteristic inside the variant phloem rep-
resents retention of a juvenile feature in the adult and is a case of 
true paedomorphosis in the secondary phloem. This paedomor-
phic feature may derive from the fact that the variant cambium 
does not divide radial anticlinally from the very beginning of the 
secondary growth ( Pace et al., 2009 ) when the phloem wedges 
start their development and the cambium becomes included. Be-
cause phloem wedges are formed very early in the stem ontog-
eny and the variant cambia stop dividing anticlinally at the same 
time, this juvenile feature is maintained as a developmental drift. 
Alternatively, the short rays of the variant portions of the phloem 
might have evolved more recently, similar to the pattern of ray 
specialization that has been documented for the  “ dicotyledons ”  
as a whole ( Kribs, 1935 ). This suggestion should, however, be 

taken with caution, given that the line of specialization previ-
ously suggested for rays ( Kribs, 1935 ) seems to be more com-
plex than a simple conversion from multiseriate to uniseriate 
rays along evolutionary time ( Barghoorn, 1941 ). In this context, 
it seems more likely that the reduced ray height is another char-
acter retained from the initial development of the cambium that 
was maintained in the variant portions of Bignonieae. 

 Calcium oxalate crystals of three main types (prismatic, acicu-
lar, and styloid) were found in the axial and ray parenchyma of 
all Bignonieae. The occurrence of those crystal types varied ran-
domly across clades, indicating that crystals are evolutionarily 
very labile. The distribution of crystals was often equal between 
the regular and variant portions of the phloem, except for  Pleono-
toma , in which the regular phloem possessed acicular crystals 
and the variant phloem presented prismatic crystals exclusively. 
 Pleonotoma  also showed a differential pattern between the regu-
lar and variant portions of the phloem, with sclereids found ex-
clusively in the regular phloem and fi bers in the variant phloem. 
These results are very important because they indicate that the 
regular and variant phloem portions of the phloem evolve inde-
pendently of each other (nonmodularly) within the same plant. 

 Sieve tube evolutionary patterns in the regular and variant 
portions of the phloem   —      The study of the variation of the in-
dividual sieve tube areas along the phylogeny provided inter-
esting insights. First, the sieve tubes of the regular phloem 
illustrate an evolutionary pattern that goes in two opposite di-
rections: the  “ Multiples of four clade ” , and especially the ge-
nus  Amphilophium , showed an increase in the area of its sieve 
tube elements, while genera from the  “  Arrabidaea  and allies 
clade ”  showed a reduction in the area of their sieve tubes. The 
increase in the area of sieve tubes of the regular phloem of 
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 Fig. 12.   Ancestral state reconstruction of the fi ber distribution in the regular and variant phloem types using parsimony (A) and maximum likelihood 
assumptions (B).   

 Amphilophium  is extremely interesting, given that  Amphilo-
phium  is the only genus of Bignonieae whose phloem wedges 
become included once the stems grow in diameter, preco-
ciously losing their functionality ( Pace et al., 2009 ). This fi nd-
ing suggests that wider sieve tubes in the regular phloem of 
representatives of this genus may have been selected to ac-
count for the lack of functionality in the variant portions of the 
phloem. On the other hand, the reduction of the area of sieve 
tubes within the  “  Arrabidaea  and allies clade ”  and several 
other clades may indicate that the variant phloem in this clade 
is becoming more important for the conduction of photosyn-
thates, a scenario that will be further discussed below. 

 In the variant phloem, a gradual increase in diameter of the 
area of sieve tubes was observed toward more derived lineages. 
This pattern shows that the variant phloem of Bignonieae may 
have specialized in the conduction of photosynthates over time. 
Therefore, apart from conferring fl exibility ( Carlquist, 2001 ; 
 Rowe et al., 2004 ;  Isnard and Silk, 2009 ), aiding in injury re-
pair ( Dobbins and Fisher, 1986 ), and having an important role 
in water storage ( Carlquist, 2001 ), these fi ndings further sug-
gest that the variant phloem of Bignonieae might have special-
ized in the conduction of photosynthates over time. A higher 

conduction of photosynthates may be one of the reasons why 
more secondary xylem is produced by the regular cambium 
portions that fl ank the phloem wedges ( Lima et al., 2010 ). Such 
specialization for increased conduction has also been recorded 
for the secondary xylem of lianas, which often have very wide 
vessel elements ( Carlquist, 1985 ;  Ewers, 1985 ;  Ewers and 
Fisher, 1989 ;  Ewers et al., 1990 ;  Gartner et al., 1990 ;  Gasson 
and Dobbins, 1991 ), which are known to require additional wa-
ter supply to compensate for the water loss due to the high tran-
spiration derived from their large canopies ( Ewers and Fisher, 
1991 ). The evolution of larger sieve tubes may, therefore, rep-
resent an additional specialization for the liana habit, a hypoth-
esis that is further corroborated by the narrower sieve tubes 
present in the variant phloem of Bignonieae shrubs. Other li-
anas such as those in Icacinaceae ( Bailey and Howard, 1941 ;  Lens 
et al., 2008 ), Fabaceae ( Dias-Leme, 2000 ), Sapindaceae ( Tamaio 
and Angyalossy, 2009 ), and Loganiaceae ( Van Veenendaal 
and Den Outer, 1993 ) also have wider sieve tubes in the variant 
portions of their phloem when compared to the diameter of the 
regular phloem of the same stem (e.g., Icacinaceae;  Bailey and 
Howard, 1941 ) or when compared to shrubs and tree species that 
belong to the same families (e.g., Fabaceae;  Dias-Leme, 2000 ). 
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 Fig. 13.   Comparison between the regular and variant phloem types in Bignonieae.   

 Conclusions   —      Our results indicate that the regular and vari-
ant phloem types of Bignonieae have accumulated a series of 
anatomical differences over time. Perhaps the most remarkable 
differences are the increase in sieve tube area in the variant 
phloem of all species of the tribe and the increase in the abun-
dance of phloem parenchyma over time recorded for the regular 
phloem. Wider sieve tubes in the variant phloem likely contrib-
uted to an increase in the importance of the variant phloem in 
conduction of photosynthates, while the increased abundance 
of parenchyma likely enhanced the storage capacity of the regular 
phloem. An increased conductance role for the variant phloem 
provides an additional signifi cance for the evolution and mainte-
nance of the cambial variant in Bignonieae. Another remark-
able difference between the regular and variant portions of the 
phloem is the distribution of fi bers, which became more closely 
arranged in the variant portions of the phloem in several lin-
eages, likely enhancing mechanical support and protection in those 

lineages. Last, rays were found to be higher and wider in the 
regular portions of the phloem and shorter and narrower in the 
variant portions, suggesting different ontogenetic processes in 
the different phloem types. More specifi cally, the reduced rays 
in the variant portions of the phloem suggest paedomorphosis. This 
study illustrates the value of detailed comparative anatomical 
studies for a better understanding of the role of individual plant 
tissues for the diversifi cation of lianas and plants as a whole. 

 LITERATURE CITED 

    Angyalossy   ,    V.   ,    C. R.     Marcati   , and    R. F.     Evert  .  2005 .    Aspects of the 
seasonal development of the secondary phloem in two Brazilian semi-
ring porous trees. XVII International Botanical Congress Book of 
Abstracts, Vienna, Austria.  

    Bailey   ,    I. W.   , and    R. A.     Howard  .  1941 .     The comparative morphology of 
the Icacinaceae I. Anatomy of the node and internode.    Journal of the 
Arnold Arboretum    22 :  125  –  132 .  



617April 2011] Pace et al. — The evolution of disparity in Bignonieae phloem types

    Barbosa   ,    A. C. F.   ,    M. R.     Pace   ,    L.     Witovisk   , and    V.     Angyalossy  .  2010 .     A 
new method to obtain good anatomical slides of heterogeneous plant parts.  
  International Association of Wood Anatomists Journal    31 :  373  –  383 .  

    Barghoorn   ,    E. S.     Jr   .   1940 .     The ontogenetic development and phyloge-
netic specialization of rays in the xylem of dicotyledons. I. The primi-
tive ray structure.    American Journal of Botany    27 :  918  –  928 .   

    Barghoorn   ,    E. S.     Jr   .   1941 .     The ontogenetic development and phy-
logenetic specialization of rays in the xylem of dicotyledons. II. 
Modifi cation of the multiseriate and uniseriate rays.    American 
Journal of Botany    28 :  273  –  282 .   

    Berlyn   ,    G. P.   , and    J. P.     Miksche  .  1976 .    Botanical microtechnique and 
cytochemistry. Iowa State University Press, Ames, Iowa, USA.  

    Boureau   ,    E.    1957 .    Anatomie v é g é tale: L ’ appareil v é g é tatif des 
phan é rogames. Mus é um National d ’ Histoire Naturelle, Tome troisi è me. 
Presses Universitaires de France, Paris, France [in French].  

    Bukatsch   ,    F.    1972 .     Bemerkungen zur Doppelf ä rbung Astrablau-Safranin.  
  Mikrokosmos    61 :  255   [in German] .  

    Caball é    ,    G.    1993 .     Liana structure, function and selection: A compara-
tive study of xylem cylinders of tropical rainforest species in Africa 
and America.    Botanical Journal of the Linnean Society    113 :  41  –  60 .   

    Carlquist   ,    S.    1982 .     The use of ethylenediamine in softening hard plant 
structures for paraffi n sectioning.    Stain Technology    57 :  311  –  317 .  

    Carlquist   ,    S.    1985 .     Observations on functional wood histology of vines 
and lianas: Vessel dimorphism, tracheids, vasicentric tracheids, nar-
row vessels, and parenchyma.    Aliso    11 :  139  –  157 .  

    Carlquist   ,    S.    2001 .    Comparative wood anatomy — Systematic, ecologi-
cal, and evolutionary aspects of dicotyledon wood, 2nd ed. Springer-
Verlag, Berlin, Germany.  

    Chattaway   ,    M. M.    1951 .     Morphological and functional variations in the 
rays of pored timbers.    Australian Journal of Scientifi c Research, B, 
Biological Sciences    4 :  12  –  27 .  

    Derr   ,    W. F.   , and    R. F.     Evert  .  1967 .     The cambium and seasonal devel-
opment of phloem in  Robinia pseudoacacia.     American Journal of 
Botany    54 :  147  –  157 .   

    Deshpande   ,    B. P.   , and    T.     Rajendrababu  .  1985 .     Seasonal changes in the 
structure of the secondary phloem of  Grewia tiliaefolia , a deciduous 
tree from India.    Annals of Botany    56 :  61  –  71 .  

    Dias-Leme   ,    C. L.    2000 .     Á rvores e lianas de Leguminosae Papilionoideae: 
Anatomia do caule. Ph.D. dissertation, University of S ã o Paulo, S ã o 
Paulo, Brazil [in Portuguese with English abstract].  

    Dobbins   ,    D. R.    1970 .     The infl uence of the leaves on anomalous cambial 
activity in the  “ cross-vine ” .    American Journal of Botany    57 :  735 .  

    Dobbins   ,    D. R.    1971 .     Studies on the anomalous cambial activity in 
 Doxantha unguis-cati  (Bignoniaceae). II. A case of differential produc-
tion of secondary tissues.    American Journal of Botany    58 :  697  –  705 .   

    Dobbins   ,    D. R.    1981 .     Anomalous secondary growth in lianas of the 
Bignoniaceae is correlated with the vascular pattern.    American 
Journal of Botany    68 :  142  –  144 .   

    Dobbins   ,    D. R.    2005 .    Development and function of included phloem 
in woody lianas of the Bignoniaceae. XVII International Botanical 
Congress Book of Abstracts, Vienna, Austria.  

    Dobbins   ,    D. R.   , and    J. B.     Fisher  .  1986 .     Wound responses in girdled stems 
of lianas.    Botanical Gazette    147 :  278  –  289 .   

    Dunn   ,    M. T.   ,    M.     Krings   ,    G.     Mapes   ,    G. W.     Rothwell   ,    R. H.     Mapes   , and  
  S.     Keqin  .  2003 .      Medullosa steinii  sp. nov., a seed fern vine from the Upper 
Mississippian.    Review of Palaeobotany and Palynology    124 :  307  –  324 .   

    Evert   ,    R.    2006 .    Esau ’ s plant anatomy: Meristems, cells, and tissues of the 
plant body — Their structure, function, and development, 3rd ed. John 
Wiley  &  Sons, Hoboken, New Jersey, USA.  

    Ewers  ,  F. W.   1985 .    Xylem structure and water conduction in conifer trees, 
dicot trees, and lianas.  International Association of Wood Anatomists 
Bulletin, new series  6: 309 – 317.  

    Ewers   ,    F. W.   , and    J. B.     Fisher  .  1989 .     Variation in vessel length and diam-
eter in stems of six tropical and subtropical lianas.    American Journal 
of Botany    76 :  1452  –  1459 .   

    Ewers   ,    F. W.   , and    J. B.     Fisher  .  1991 .     Why vines have narrow stems: 
Histological trends in  Bauhinia  (Fabaceae).    Oecologia    88 :  233  –  237 .   

    Ewers   ,    F. W.   ,    J. B.     Fisher   , and    S. T.     Chiu  .  1990 .     A survey of vessel dimen-
sions in stems of tropical lianas and other growth forms.    Oecologia    84 : 
 544  –  552 .  

    Fisher   ,    J. B.   , and    F. W.     Ewers  .  1992 .     Xylem pathways in liana with vari-
ant secondary growth.    Botanical Journal of the Linnean Society    108 : 
 181  –  202 .   

    Gabrielli   ,    A. C.    1993 .     Estrutura caulinar secund á ria em  Pyrostegia ve-
nusta  (Ker.) Miers — Bignoniaceae.    Revista Brasileira de Bot â nica    16 : 
 167  –  173   [in Portuguese with English abstract] .  

    Gartner   ,    B. L.   ,    S. H.     Bullock   ,    H. A.     Mooney   ,    V. B.     Brown   , and    J. L.   
  Whitbeck  .  1990 .     Water transport properties of vine and tree stems in a 
tropical deciduous forest.    American Journal of Botany    77 :  742  –  749 .   

    Gasson   ,    P.   , and    D. R.       Dobbins  .  1991 .    Wood anatomy of the Bignoniaceae, 
with a comparison of trees and lianas.  International Association of 
Wood Anatomists Bulletin, new series  12: 389 – 417.  

    Gentry   ,    A. H.    1991 .    The distribution and evolution of climbing plants. 
 In  F. E. Putz and H. A. Mooney [eds.], The biology of vines, 3 – 49, 
Cambridge University Press, Cambridge, UK.  

    Gerwing   ,    J. J.   ,    S. A.     Schnitzer   ,    R. J.     Burnham   ,    F.     Bongers   ,    J.     Chave   ,  
  S. J.     DeWalt   ,    C. E. N.     Ewango   ,    et al  .  2006 .     A standard protocol 
for liana censuses.    Biotropica    38 :  256  –  261 .   

    IAWA Committee  .  1989 .    IAWA list of microscopic features for hardwood 
identifi cation. E. A. Wheeler, P. Baas, and P. Gasson [eds.].  International 
Association of Wood Anatomists Bulletin, new series  10: 219 – 332.  

    Isnard   ,    S.   , and    W. K.     Silk  .  2009 .     Moving with climbing plants from 
Charles Darwin ’ s time into the 21st century.    American Journal of 
Botany    96 :  1205  –  1221 .   

    Karnovsky   ,    M. J.    1965 .     A formaldehyde – glutaraldehyde fi xative of high 
osmolality for use in electron microscopy.    Journal of Cell Biology    27 : 
 137  –  138 .  

    Kribs   ,    D. A.    1935 .     Salient lines of structural specialization in the wood 
rays of dicotyledons.    Botanical Gazette    96 :  547  –  557 .   

    Lens   ,    F.   ,    J.     K å rehed   ,    P.     Baas   ,    S.     Jansen   ,    D.     Rabaey   ,    S.     Huysmans   ,    T.   
  Hamann   , and    E.     Smets  .  2008 .     The wood anatomy of polyphy-
letic Icacinaceae s.l. and their relationship within asterids.    Taxon    57 : 
 525  –  552 .  

    Lima   ,    A. C.   ,    M. R.     Pace   , and    V.     Angyalossy  .  2010 .     Seasonality and 
growth rings in lianas of Bignoniaceae.    Trees    24 :  1045  –  1060 .   

    Lohmann   ,    L. G.    2006 .     Untangling the phylogeny of neotropical li-
anas (Bignonieae, Bignoniaceae).    American Journal of Botany    93 : 
 304  –  318 .   

    Lohmann   ,    L. G.    2011 .  A new generic classifi cation of Bignonieae 
(Bignoniaceae) based on molecular phylogenetic data and morphological 
synapomorphies.    Annals of the Missouri Botanical Garden:  in press .  

    Lohmann   ,    L. G.   , and    C.     Ulloa Ulloa  .  2010 .    Bignoniaceae in iPlants 
prototype checklist [online]. Website http:// www.iplants.org  [accessed 
9 July 2010].  

    Maddison   ,    W. P.   , and    D. R.     Maddison  .  2003 .    MacClade: Analysis 
of phylogeny and character evolution, version 4.06 for Mac OS X. 
Sinauer, Sunderland, Massachussets, USA.  

    Maddison   ,    W. P.   , and    D. R.     Maddison  .  2009  Mesquite: A modular 
system for evolutionary analysis. Version 2.6. Website  http://mesquite-
project.org   

    Midford   ,    P. E.   ,    T.       Garland       Jr   , and    W. P.       Maddison  .  2003 .    PDAP pack-
age. Available via website  http://mesquiteproject.org/pdap_mesquite/ .  

    Obaton   ,    M.    1960 .     Les lianes ligneuses a structure anormale des for ê ts 
denses d ’ Afrique Occidentale.    Annales des Sciences Naturelles 
Botanique et Biologie V é g é tale    12 :  1  –  220 .  

    O ’ Brien   ,    T. P.   ,    N.     Feder   , and    M. E.     MacCully  .  1964 .     Polychromatic stain-
ing of plant cell walls by toluidine blue O.    Protoplasma    59 :  368  –  373 .   

    Pace   ,    M. R.   ,    L. G.     Lohmann   , and    V.     Angyalossy  .  2009 .     The rise and evo-
lution of the cambial variant in Bignonieae (Bignoniaceae).    Evolution 
 &  Development    11 :  465  –  479 .   

    Philipson   ,    W. R.    1990 .    Anomalous cambia.  In  M. Iqbal [ed.], The vascu-
lar cambium, 201 – 212. John Wiley, New York, New York, USA.  

    Philipson   ,    W. R.   , and    J. M.     Ward  .  1965 .     The ontogeny of the 
vascular cambium in the stem of seed plants.    Biological Reviews of 
the Cambridge Philosophical Society    40 :  534  –  579 .   

    Philipson   ,    W. R.   ,    J. M.     Ward   , and    B. G.     Butterfield  .  1971 .    The vascular 
cambium: Its development and activity. Chapman and Hall, London, UK.  

    Rajput   ,    K. S.   , and    K. S.     Rao  .  1998 .     Seasonal anatomy of secondary 
phloem of teak ( Tectona grandis  L. Verbenaceae) growing in dry and 
moist deciduous forests.    Phyton    38 :  251  –  258 .  



618 American Journal of Botany

    Rosell   ,    J. A.   , and    M. E.     Olson  .  2007 .     Testing implicit assumptions 
regarding the age vs. size dependence of stem biomechanics using 
 Pittocaulon  ( Senecio )  praecox  (Asteraceae).    American Journal of 
Botany    94 :  161  –  172 .   

    Rowe   ,    N.   ,    S.     Isnard   , and    T.     Speck  .  2004 .     Diversity of mechanical archi-
tectures in climbing plants: An evolutionary perspective.    Journal of 
Plant Growth Regulation    23 :  108  –  128 .   

    Rupp   ,    P.    1964 .     Polyglycol als Einbettungsmedium zum Schneiden bota-
nischer Pr ä parate.    Mikrokosmos    53 :  123  –  128   [in German] .  

    Schenck   ,    H.    1893 .    Beitr ä ge zur Biologie und Anatomie der Lianen im 
Besonderen der in Brasilien einheimischen Arten. II Theil, Beitr ä ge 
zur Anatomie der Lianen.  In  A. F. W. Schimper [ed], Botanische 
Mittheilungen aus den Tropen, 1 – 271, 12 Tafeln. Gustav Fisher, Jena, 
Germany [in German].  

    Schneider   ,    H.    1945 .     The anatomy of peach and cherry phloem.    Bulletin 
of the Torrey Botanical Club    72 :  137  –  156 .   

    Schnitzer   ,    S. A.   ,    S. J.     DeWalt   , and    J.     Chave  .  2006 .     Censusing and mea-
suring lianas: A quantitative comparison of the common methods.  
  Biotropica    38 :  581  –  591 .   

    Solereder   ,    H.    1908 .    Systematic anatomy of the dicotyledons, vols. I, II. 
Clarendon Press, Oxford, UK.  

    Spicer   ,    R.   , and    A.     Groover  .  2010 .     Evolution of development of vascular 
cambia and secondary growth.    New Phytologist    186 :  577  –  592 .   

    Tamaio   ,    N.   , and    V.     Angyalossy  .  2009 .     Varia ç  ã o cambial em  Serjania 
caracasana  (Sapindaceae): Enfoque na adequa ç  ã o terminol ó gica.  
  Rodrigu é sia    60 :  651  –  666   [in Portuguese with English abstract] .  

    Van Veenendaal   ,    W. L. H.   , and    R. W.     Den Outer  .  1993 .     Development 
of included phloem and organization of the phloem network in the 
stem of  Strychnos millepunctata  (Loganiaceae).    International Associa-
tion of Wood Anatomists Journal    14 :  253  –  265 .  

    Ye   ,    Z. H.    2002 .     Vascular tissue differentiation and pattern formation in 
plants.    Annual Review of Plant Biology    53 :  183  –  202 .                   

  Appendix  1. Taxa, collectors, and localities. Vouchers for all specimens were deposited in the University of S ã o Paulo Herbarium (SPF), unless specifi ed otherwise 
after the voucher information. Other herbaria listed are: MAD = Madison Forest Products Laboratory (WI, USA); MG = Museo Paraense Em í lio Goeldi (Par á , 
Brazil); MO = the Missouri Botanical Garden (MO, USA). 
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