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Temporal and spatial formation and differentiation of axillary buds in developing shoots of mature eastern cottonwd (Populus 
deltoides) were investigated. Shoots sequentially initiate early vegetative, floral, and late vegetative buds. Associated with these buds 
is the formation of three distinct leaf types. In May of the first growing season, the first type begins forming in terminal buds and 
overwinters as relatively developed foliar structures. These leaves bear early vegetative buds in their axils. The second type forms late 
in the first growing season in terminal buds. These leaves form floral buds in their mils the second growing season. The floral bud 
meristems initiate scale leaves in April and begin forming floral meristems in the axils of the bracts in May. The floral meristems 
subsequentty form floral organs by the end of the second growing season. The floral buds overwinter with floral organs, and anthesis 
occurs in the third growing season. The third type of leaf forms and develops entirely outside the terminal buds in the second growing 
season. These leaves bear the late vegetative buds in their axils. On the basis of these and other supporting data, we hypothesize a 3- 
yr flowering cycle as opposed to the traditional 2-yr cycle in eastern cottonwood. 
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Eastern cottonwood (Populus deltoides Bartr. ex Marsh. var. 
deltoides) is a fast-growing forest tree species of commercial 
value native to the eastern United States (FAO, 1980; Bums 
and Honkala, 1990). Eastern cottonwood hybridizes with 
many other species in the genus, and there are numerous 
breeding programs for improvement of growth rate, wood 
properties, and disease and insect resistance (FAO, 1980; Land 
et al., 1996; Land and Singh, 1997). Genetic engineering is 
underway to develop reproductive sterility for transgene con- 
tainment in hybrids with black cottonwood (Populus tricho- 
carpa Torr. and Gray.) (Meilan, 1997; Strauss et al., 2001). 
Techniques to regulate flowering in eastern cottonwood are 
needed for (1) conventional breeding programs in order to 
shorten the generation interval for genetic improvement, (2) 
delaying floral induction in mature trees during the rotation 
period to increase wood biomass production by reallocating 
metabolites from reproductive to vegetative growth, and (3) 
environmental containment of transgenes via reproductive ste- 
rility of genetically engineered trees in order to minimize the 
unwanted spread of transgenes to interfertile wild relatives 
(Meilan, 1997; Meilan et al., 2001; Strauss et al., 2001). How- 
ever, the fundmental mechanisms that regulate flowering in 
eastern cottonwood are unknown and must be determined be- 
fore suitable techniques can be developed. One of the first 
steps in elucidating these mechanisms is to understand the 
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temporal and spatial formation and differentiation of axillary 
bud meristems in developing shoots of mature trees. 

Shoots of eastern cottonwood trees at the juvenile stage con- 
sist of vegetative buds, leaves, and internodes; floral buds are 
added at maturity. Each shoot forms a terminal bud enclosed 
by bud scales that are formed by the enlargement of stipules 
to protect the foliage primordia of the following season's 
growth ( G d n e t  and Larson, 19&1). However, shoots of ma- 
ture eastern cottonwoods begin forming terminal buds early in 
the growing season, approximately 2 mo following spring bud 
flush in the southern U.S. Dormant terminal buds of relatively 
mature black cottonwood (6-9 yr old) exhibit leaf dimorphism 
with "early" and "late" leaves based on a difference in leaf 
ontogeny (Critchfield, 1960). Early leaves are relatively more 
developed than developmentally arrested late leaf primordia. 
When terminal buds open in the following growing season, 
early leaves protrude from terminal buds and expand rapidly. 
Late-leaf expansion then occurs in late spring. It is anticipated 
that molecular events in initiation of the following year's in- 
florescences occur either just prior to or during terminal bud 
opening in black cottonwood (Boes and Strauss, 1994). 

Juvenile eastern cottonwoods do not show such clear-cut 
leaf dimorphism (Goffinet and Larson, 1981). It is not reported 
if mature eastern cottonwoods exhibit distinct leaf and bud 
types in relation to flowering during shoot development. The 
objectives of this work were (1) to define the shoot develop- 
mental pattern with budneaf types in relation to flowering, and 
(2) to determine the sequence of initiation and development 
of reproductive meristems in the axillary buds of eastern cot- 
tonwood. 

MATERIALS AND m m O D S  

Two randomly selected genotypes of mature Populus deltoides, one male 
(ST-124, 32'55' N, 91°05' W, Mayersville, Mississippi, USA) and one female 
(ST-72, 32'37' N, 91'00' W, Issaquena, Mississippi, USA), were used for 
observations and sample collections. ST-124 was a cutting originating from 
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Fig. 1. Pattern of mature eastern cottonwood shoot development over two growing seasons. (A) Each shoot formed a terminal bud covered by bud scales 
(bs) in the first growing season. @) Terminal bud opened early in the second gowing season, and early preformed leaves unfolded to form early leaves (el). 
(C) By the end of May, shoot growth and leaf expansion were almost complete. Floral (f%) and vegetative (vb) buds were visibly distinguishable. Early (el), 
late 01)- and neoformed (nl) leaves were identified by their development and locations. The razor blade is 4 cm in length. (D) Buds in (C) continued to grow 
until October. This shoot was collected in December. The zones were already established with respect to bud types. Underdeveloped axillary buds are represented 
by bl and b2. 

a male tree, and ST-72 was an open-pollinated progeny from a female tree. 
The cottonwoods were located in a plantation of Anderson-Ttxlly Company 
about 32 km north of Vicksburg, Mississippi, USA. The experimental trees 
were 22 yr old in 1998. Terminal and axillary buds were collected in 1998 
and 1999 from flower-bearing annual shoots in the upper crown (once in 
March, five times at 2-wk intervals from mid-April to mid-June, and once 

-- per month in July, August, September, and October). Fifly randornIy chosen 
shoots from a main branch were collected on each date, and the bud at the 
ninth node (from the base of shoots) was excised. This node location was 
selected based on the personal observation that flower buds generally form 
around this node. Buds were fixed in half-strength Karnovsky's fixative (2% 
pardomaldehyde and 2.5% glutaraldehyde) with phosphate buffer (0.1 moV 
L, pH 7.2) for 48 h at 4°C (Kmovsky, 1965). Buds were then transferred 
into a quarter-sttength fixative for storage at 4°C. 

The buds were prepared for scanning electron microscopy (SEM) by re- 
moving bud scales, leaf primordia, and other extraneous parts in a 0.2 mom 
phosphate buffer (pH 7.2) under a dissecting microscope to expose the bud 
meristems. The peeled buds were dehydrated through a graded ethanol series 
and stored in 100% ethanoI. They were critical point dried in a Polaron E3000 
Critical Point Dryer (Quorum Technologies, Newhaven, UK) using liquid 
GO,. The tissues were then mounted on stubs and coated with gold-palladium 
using a Polaron E5 100 sputter coater ( Q u o m  Technologies). Samples were 
subsequentIy examined with a S360 SEM (Leo Electron Microscopy, Thorn- 
wood, New York, USA) at 15 kV. Representative tissues of each date were 
photograpW using Polaroid Type 55 4 X 5 black and white film (Polaroid, 
Cambridge, Massachusetts, USA). The tissues for histological work were de- 
hydrated in an ethanol series and cleared in tertiary butyl alcohol. Tissues 
were then embedded in Paraplast (Fisher, Burr Ridge, Illinois, USA), sec- 
tioned at 8 pm, mounted, and stained with safranin-fast green (Jensen, 1962). 
The sections were examined on a Leica TCS NT confocal microscope system 
(Leica Microsystems, Heerbrugg, Switzerland). 

distinguishable (Fig. 1C). Morphological investigation of an- 
nual shoots at the end of the second growing season revealed 
a common pattern. The first set of axillary buds at the base of 
the shoot was vegetative (Vegetative Zone I), the second set 
of axillary buds was reproductive (Floral Zone), and the distal 
set of buds was vegetative (Vegetative Zone 11) (Fig. ID). 

Removal of the bud scales of a fully developed terminal 
bud at the end of the first growing season and its examination 
by SEM showed that it contained preformed leaves and stip- 
ules (Fig. 2A). The preformed leaves were 8-10 mm in length 
(lamina length + petiole length). Both adaxial and abaxial 
surfaces of the leaves were covered with dense trichomes and 
sticky resin (Fig. 2A1). The number of preformed leaves 8-9 
mm in size was approxba&ly eight. The preformed leaves 
were further removed to display the subtended structures in 
their axils. A stipule formed at each side of each preformed 
leaf (Fig. 2B-C). There were preformed buds in the axil of 
preformed leaves 3-8 (Figs. 2B, 2B I72B2,2C, 2C1, and 2C2). 
The first and second preformed leaves did not have definitive 
preformed buds in their axils, although there were protuber- 
ances (Fig. 3A-B). The protuberance was larger in the second 
preformed leaf axil than in the first. These protukrances did 
not develop into fully grown buds in the following growing 
season (see b l  and b2 in Fig. ID). Some of the preformed 
buds had organized structures (Fig. 4A). For example, the third 
preformed bud in the axil of the third prefomed leaf had a 
well-defined, two-layer tunica (Fig, 4A). No leaf primordium 
or bud scale formation was observed at this developmental 
stage. All preformed buds were covered with petioles of the 
surrounding early preformed leaves. 

RESULTS Close examinitibn of the distal end of the terminal bud with 
SEM revealed some leaf-like stn;lctures (Fig. 2B-C). This re- 

Each eastern cottonwood shoot formed a terminal bud cov- gion was sectioned and examined with a confocal laser micro- 
ered with several layers of bud scales during the first growing scope. There were 3-5 preformed leaf primordia (all smaller 
season (Fig. IA). Terminal buds flushed in the second half of than 1 mm in length) close to the shoot apical meristem (Fig. 
March of the following growing season, and the preformed 5). Trichome formation was not observed on these leaf pri- 
leaves rapidly unfolded (Fig. 1B). Shoot expansion was corn- rnordia, nor were preformed buds in the axils. 
plete by late May and floral and vegetative buds were visibly These observations indicated that two distinct developrnen- 



Fig. 2. Content of a terminal bud of a mature eastern cottonwood shoot in December. (A) Terminal bud with the bud scales removed. Early preformed 
leaves (epl) and several stipules (s) are shown. (Al) Abaxial surface of the fourth early preformed leaf (4epl) showing dense trichomes and sticky resin that 
covered the surface. (B) Early preformed leaves removed to display the preformed buds. First (lepl) and second (2epl) early preformed leaves without definitive 
preformed buds in their axils. The fourth (4epl) (Bl) and seventh (7epl) (B2) early preformed leaves had preformed buds (b4 and b7, respectively). (C) Reverse 
side of the embryonic shoot. Locations of the third (3epl), fifth (5epl), sixth (6epf), and eighth (8epl) early preformed leaves are shown. The 3epl ((221, 5epl 
(Cl), and 6epl (C) had preformed buds (b3, b5, and b6, respectively) in their axils. 11s = leaf-like structure. Bars: (A), 2 mm; (Al), 250 pm; (B), 2 mm; (Bl), 
225 pm; (B2), 100 pm; (C), I mm; (GI),  100 pm; (C2), 250 pm. 
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Fig. 3. Protuberances (pt) shown in the axils of the first (A) and second 
(B) early preformed leaf indicate the locations of underdeveloped axillary 
buds (bl and 62) in Fig. ID. Bars: 250 pm. 

tal stages of preformed leaves exist in the terminal buds of 
mature cottonwood trees. The first group, those with axillary 
buds and trichomes, are "early preformed leaves," and the 
second group, those 1 mm or less in length with no trichomes 
and no axillary buds, are "Iate preformed leaves." The early 
preformed leaves began forming in May along with the ces- 
sation of shoot expansion and continued development through 

I summer and early fall. In contrast, late preformed leaves 
formed in late summer and early fall; the winter interrupted 
their development. 

In the second growing season, the terminal buds opened in 
the second half of March, and the tips of the early preformed 
leaves protruded from the bud. Afterwards, the blades emerged 
and unfolded to form "early leaves" (Fig. 1B). The early 
leaves all expanded rapidly to reach almost their full size in I 
mo (by the third week of April). The late preformed leaves 
began expanding to form "late leaves" in the middle of April 

(3 wk after the terminal bud flush). The expansion was almost 
complete by the end of May (Fig. IC). There were also "neo- 
formed leaves" that began fo-g very close to the shoot 
apical meristem in the second half of April along with the 
beginning of the late-preform& leaf expansion (Fig. fC). 
These neofomd leaves completed leaf expansion by the mid- 
dle of June. The neoformed leaves formed entirely within the 
second growing season. Thus, they were not present in the 
terminal bud during the first growing season. 
All prefomed buds in the terminal bud during the first 

growing season formed vegetative buds in the axils of early 
preformed leaves. The preformed buds grew to various sizes 
by the end of the second growing season in Vegetative Zone 
I (Fig. ID). &though the preformed leaves close to the base 
of the shoot form early during the first growing season and 
expand first during the second growing season, the most basal 
vegetative buds in Vegetative Zone I were smaller in size than 
the upper ones. We currently do not know what regulates their 
size. 

The floral buds in the Floral Zone began forming in the 
mils of late leaves during the second growing season, because 
bud formation in the axils of these leaves was not observed 
during the first growing season. Examination of the bud mer- 
istem by SEM at node nine in April, May, and June indicated 
morphological changes that led to floral meristem development 
and organ formation. The meristem formed bud-scale primor- 
dia in both male and female buds during April (Figs. 6A, 6B, 
7A, and 7B). Formation of the dome-shaped apical meristern 
during April indicated high mitotic activity. Bract formation 
was first detected in the inflorescence meristem in both sexes 
in the first half of May (Figs. 6C and 7C). No additional bud- 
scale primordia were formed after bract formation. Numerous 
bracts in a helical orientation were formed centripetally (from 
outside to the center) by late May (Figs. 6D and 7D). However, 
there were more bracts formed on the male inflorescence mer- 
istem than on the female. Floral meristems developed in the 
mils of the bracts slightly after bract primordia formation. The 
bracts elongated and formed leaf-like structures by the middle 
of June (Figs. 6E and 7E). Floral meristems at this time were 
enlarged and easily visible when the bracts were removed 
(Figs. 6E and 7E). 

Male and female axillary floral buds formed a cup-like, re- 
duced perianth in the axils of fully elongated bracts by winter 
in the second growing season (Fig. 8A and C). The stigmas 
and tetrasporangiate anthers were surrounded by the reduced 
perianth pig,  8A-C). These lateral floral buds formed mature 
male and female catkins during anthesis in March of the third 
growing season. 

DISCUSSION 

Shoots of mature eastern cottonwood trees possess a well- 
defined pattern of stntctural development that includes three 
distinct leaf types and specific locations of vegetative and flo- 
ral buds. The first set of leaves bears vegetative buds in their 
axils. These leaves have been designated "early prefomed 
leaves" (Critchfield, 1960) and comprise all the leaves in Veg- 
etative Zone I. The next set of leaves has been designated "late 
preformed leaves" (Critchfield, 1960). They exist in the first 
growing season's overwintering terminal bud as relatively un- 
developed leaf primordia. These leaves subsequently bear 
flower buds in their axils and comprise the Floral Zone during 
the second growing season. h a v e s  at the distal end of the 



Fig. 4. A thin section of the third preformed bud in the axil of the third early preformed leaf in a dormant terminal bud in December in the first year. The 
thin section shows a two-layer tunica formation (tl). 

shoot may be designated "neoformed leaves," because they 
are initiated and expand entirely within the second growing 
season (do not exist as primordia in the first season's terminal 
bud). These leaves comprise Vegetative Zone I1 and bear veg- 
etative buds in their axils. It is likely that preformed leaves in 
teminal buds represent a continuum of primordial develop- 
ment, Moreover, it is possible that axillary buds associated 
with late leaves may exist at some extreme rudimentary stage 
in the first season's terminal bud. Nonetheless. we conclude 
that the absence of intermediate leaf sizes, presence or absence 
of trichomes, and visibly recognizable axillary buds represent 
two distinct developmental stages among preformed leaves in 
the terminal buds of mature eastern cottonwood. 

The lateral vegetative and flower buds depicted in Fig. 1 
were thought to form during spring leaf expansion, opening a 
year later to produce lateral branches and flowers. Thus, flow- 
ering was said to occur over two growing seasons with flower 
bud formation in the first growing season and anthesis in the 
following growing season (Pauley, 1950; Nagaraj, 1952; 
Farmer, 1976; Boes and Strauss, 1994). However, we found 
primordial lateral buds in the axils of the early preformed 
leaves in terminal buds well in advance of spring leaf expan- 
sion. Therefore, year one can be considered the year when 
these primordial buds are formed. Year two is the year when 
they remain dormant in the axils of the fully expanded early 
leaves and when floral meristems form in the late leaf axils 
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Fig. 5. Late preformed leaf primordia (Ip) formed around the shoot apical meristem in a dormant terminal bud in December at the end of the first growing 
season. No axillary buds are apparent at this time. 

and reproductive organs develop. Year three is the year of 
lateral branch growth and flower anthesis. 

The primordial buds at the end of the first growing season 
have well-defined, two-layer tunica, but there are no leaf pri- 
mordia or bud scales associated with them. Bud primordia are 
associated with the early preformed leaves. There are approx- 
imately eight early preformed leaves located at the base of the 
embryonic shoot, and 3-5 late preformed leaves at the apex. 
Early preformed leaves are initiated early in the development 
of the terminal bud (mid-May of the first growing season) and 
have a long embryonic developmental period interrupted by a 
cold period (vernalization) prior to expansion in the spring of 
the second growing season. Late preformed leaf primordia de- 

velop late during terminal bud development and stay in a pri- 
mordial stage during vernalization. There are no discernable 
primordial buds associated with late preformed leaf primordia, 
which may indicate that the development of flower buds in 
the axils of late preformed leaves is initiated during leaf ex- 
pansion of the second growing season. 

After their long embryonic developmental and vernalization 
periods during the first growing season, the early preformed 
leaves are the first structures to expand in the spring of the 
second growing season. These leaves reach their full size by 
the third week of April. The preformed buds in the axils of 
the early preformed leaves do not develop into flower buds. 
The buds of the Floral Zone appear to form in the axils of the 



Fig. 6. Sequence of morghological events at the meristem of the male axillary bud at node nine (from the base of the current year's shoot) in the axil of 
the late leaf in April, May, and June of the second growing season. The meristem (m) formed bud scales (bs) (A) on 1 1  April and (B) on 28 April. (C) Bract 
(br) formation began in the first half of May (9 May). (D) Centripetal bract formation continued on 23 May, and floral meristems were subtended by the bracts 
(not seen on the surface). (E) Highly developed floral meristems (fm) in the axils of bracts after some of the bracts were removed. Bars: (A), 25 pm; (B) and 
(G), 50 pm; (D) and (E), 100 pm. 
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Fig. 7. Sequence of morphological events at the meristem of the female axiIIary bud at node nine (from the base of the shoot) in the axil of the late leaf 
in April, May, and June of the second growing season. The meristem (m) form bud scales (bs) (A) on 1 I April and (B) on 28 April. (C) Bract (br) formation 
began in the first half of May (9 May). (D) Centripetal bract formation continued on 23 May. (E) Highly developed floral meristems (fm) in the axils of bracts 
after some of the bracts were removed. Bars: (A) and (B), 25 pm; (C) and (D), 50 pm; (E), 250 p n t  
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Late morphological events in the axillary male and female floral buds at the end of the second growing season (December). (A) 
) surrounded by a cup-like, reduced perianth (p) in the axils of mature bracts (b) in a male flower bud. (B) Longitudinal section of a 
7 a filament (0. Loosely arranged pollen grains are seen in locules (I). (Cj Stigmas (sj surrounded by a cup-like, reduced perianth in - -. - 
(A) and (B); 250 p+m;-(c), 50 pm. 
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Fig. 9. Diagram of the hypothesized three-growing-season's shoot morphogenetic events leading to flower induction, initiation, and formation in mature 
eastern Gottonwood shoots. 

late leaves during spring leaf expansion of the second growing 
season. It is unknown whether the floral induction signal is 
available either prior to or during formation of the buds sub- 
tended by the late leaves. Equally important is by which leaves 
the ff oraI signal is perceived and how the floral signal is trans- 
located to the developing axillary buds. It is possible that the 
floral signal is perceived by developmentdly advanced and 
vernalized early prefomed leaves and translocated to the de- 
veloping buds in the late-leaf axils through direct vascular con- 
nections. Not all of the leaves along the axis of a shoot are 
interconnwted by vascular tissues in eastern cottonwood. 
Rather, a specific, repeating pattern of primary vascular tissues 
exists, such that a leaf at the base of the shoot is directly 
connected to nodes three and five positions above it (Larson 
and Pizzolato, 1977; Pizzolato and Larson, 1977; Dickson, 
1986). This pattern of vascular connections is important in 
stress signal transduction among nodes, because a stress re- 
sponse from any particular leaf can affect the development of 
tissues with direct vascular connections to it (Dickson and Is- 
ebrands, 199 1). The primary vascular connections are formed 
in the primordial stem tissues of the overwintering terminal 
bud as a continuation of acropetal elongation of the shoot, and 
the connections may play a role in determining the positioiling 
of primordial leaves in the overwintering terminal bud (Lar- 
son, 1975). 

The axillary bud meristern at node nine forms bud scales in 
both sexes by the end of April in the second growing season. 
The first morphological evidence of the transition from vege- 
tative to reproductive growth in the axillary meristem comes 
with bract primordia formation in early May. Boes and Strauss 
(1994) observed similar differentiation events in black cotton- 
wood in the northwestern U.S. The infiorescence meristem ini- 
tiates more bract primordia cen~petauy in a helical orientation 
by the end of May. However, this process begins slightly later 
in the female inflorescence meristem. By mid-June, the floral 
meristems are well developed in the axils of the maturing 
bracts of the inflorescence meristems in both sexes. The first 
floral meristems in both sexes are likely initiated in the axils 
of the older bracts in the middle of May as seen in Rgs. 7 
and 8. Reproductive buds form inflorescences (catkins) in both 
sexes of cottonwood by the end of the second growing season. 
Anthesis occurs in March of the third growing season. 

It appears that both the developmental state of leaves and 
the positions of axillary buds on a stem are important factors 
in flower initiation. Based on the observations reported in this 
paper, we hypothesize that the flowering sequence in eastern 
cottonwood spans a 3-yr period (Fig. 9), rather than a tradi- 
tional 2-yr period as previously reported, The flowering pro- 
cess may begin as signal perception in early preformed leaves 
of the first growing season, prior to flower bud formation dur- 



ing the second growing season, and anthesis during the third 
growing season. Negative regulators of flowering-time genes 
in early preformed leaves may be dominantly expressed to 
suppress flower induction during the first growing season, be- 
cause the bud primordia associated with early preformed 
leaves in Vegetative Zone I do not differentiate into a floral 
state. The prolonged developmental and vern&zation se- 
quence of early preformed leaves during the fkst growing sea- 
son is likely required to suppress as yet unidentified negative 
regulators of flowering-time genes. Negative regulators of 
flowering-time genes FHGIDA, FLOWERING LOCUS C, and 
EMBRYONIG FLOWER in Arabidopsis play major roles in 
preventing plants fiom flower induction (Clarke and Dean, 
1994; Sheldon et al., 1999; Aubert et al., 2001; Yoshida et al., 
2001). Identification of such negative regulators in eastern cot- 
tonwood would allow the testing of the significance of pre- 
formed leaf development and vernalization on regulation of 
flowering-time genes in developing shoots during the first and 
second growing seasons. It is also important to characterize if 
a control mechanism is imposed by early preformed leaves in 
Vegetative Zone I on the initiation of floral buds in the moral 
Zone. 
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