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Abstract  The seedling development of Titanotrichum oldhamit Hemsl. Solereder has been investigated to
provide insight into the evolution and systematic position of Titanotrichum . In T. oldhamii the size differen-
tiation of the two cotyledons begins while the hypocotyl grows. However both of the two cotyledons develop
normally and locate at the same level. Finally the two cotyledons are almost equal in size. The aerial shoot

including stem and leaves is produced from the permanent activity of the apical meristem in the plumular
bud. Even though the seedling development in Titanotrichum basically conforms to the general growth pattern
of the seedling in the Cyrtandroideae it is remarkably different from that of other Cyrtandroideae. Based on the
revealed evidence in seedling development in Titanotrichum and other comparative data the authors have eval-
uated the possible evolutionary pathway of Titanotrichum and further discussed the familial placement of this

genus.
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The species Titanotrichum oldhamit  Hemsl. Sol-
ereder is distributed from Fujian and Taiwan of China to
southern Japan. It was first described by Forbes and
Hemsley ' as a member of the Scrophulariaceae with the
name Rehmannia oldhamii Hemsl. Meanwhile Forbes
and Hemsley suggested that the unilocular ovary of this
species pointed to Gesneriaceae which was the reason
why he noted with a question mark after Rehmannia ' ? .
Solereder * lifted this species to a generic rank  Titan-
otrichum Solereder as a distinct and monospecific genus
transferred to the subfamily Cyrtandroideae in the Gesneri-
aceae. But Sealy * suggested that Titanotrichum was
closer to another subfamily Gesnerioideae than to the Cyr-
tandroideae . Kvist and Pedersen > still considered Titan-
otrichum closer to Scrophulariaceae than to Gesneriaceae.
However Wang et al ® raised Titanotrichum to the sta-
tus of a monogeneric tribe Titanotricheae in the Cyrtan-
droideae  Gesneriaceae  also recognized by Burtt and
Wiehler 7 . The position of Titanotrichum as the sister to
the remainder of the Cyrtandroideae was weakly supported
by the ndhF sequence data®® . Nevertheless the
cladistic analysis of ndhF sequence data also showed that
placing Titanotrichum in the Scrophulariaceae and the
subfamily Gesnerioideae Gesneriaceae only required 39
— 50 and 24 additional steps respectively * . The
molecular systematic studies indicated that the exact posi-
tion of Titanotrichum was still somewhat in doubt ° .

One morphogenetic pattern was discovered in the
subfamily Cyrtandroideae which was the unequal growth
of the cotyledons during seedling development =12 . Al-
most all species in the Cyrtandroideae that have been cul-
tivated have had cotyledons which become unequal in size
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soon after germination =1 | This seedling developmen-

tal pattern serves to differentiate the subfamily Cyrtan-
droideae in the Gesneriaceae. Therefore Burtt * pro-
posed a system of the Gesneriaceae in which two subfam-
ilies Cyrtandroideae and Gesnerioideae were delimited
mainly by the situation of the cotyledons. He treated Ti-
tanotrichum as an anomalous group in his system due to no
knowledge of the seedling structure of this plant ' . This

system has been widely accepted by other re-

61617 because its distribution is

searchers However
very limited and flowers are often replaced by clusters of
bulbuls serving as vegetative propagules in the upper part
of inflorescences the seeds of T. oldhamii are difficult
to collect in the field. Therefore there has been no infor-
mation of the seedling development and structure in Ti-
tanotrichum up to date. Two local populations with harvest
of seeds recently found in Fujian Province allow us to con-
duct a detailed study on the seedling development which
is necessary for the understanding of Titanotrichum and
its familial placement.

The goal of this study is first to explore the develop-
mental pattern and structure of the seedling in Titan-
otrichum . Secondly comparing the developmental features
of the seedling in Titanotrichum with those found in relat-
ed groups we also evaluate the possible evolutionary
pathway of Titanotrichum . Finally the familial placement
of Titanotrichum is discussed based on the revealed evi-
dence in seedling development together with comparative
data.

1 Materials and Methods

The seeds of Titanotrichum oldhamii

Hemsl .
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Solereder were collected from two natural populations in
Fujian Province. Voucher specimens LI Zhen-Yu and
70U Xiu-Hong 11327 11328 are deposited in the
Herbarium PE  Institute of Botany the Chinese A-
cademy of Sciences. Seeds for germination were spread on
the surface of the filter paper saturated with sterile water
in the petri dish. Seedlings at different developmental
stages were fixed in formalin-acetic acid-alcohol FAA

and then dehydrated in a series of ethanol 75% 85%
and 95% . Materials were checked in 95% ethanol and
further dehydrated in three changes of 100% ethanol

100% ethanol-amylacetate 1:1 and amylacetate and
then critical point dried with a Hitachi HCP-2 Ciritical
Point Dryer and Au/Pd sputter coated with a SPI-MOD-
ULE Sputter Coater. The prepared samples were examined
with a Hitachi S-800 scanning electron microscope SEM

and recorded on Shanghai Panchromatic film.

2 Results

In a seed before germination the two cotyledons are
equal in size. Seeds germinated about one week after sow-
ing. At first the growing hypocotyl pushed the radicle to
burst the seed coat and several fibrous roots were pro-
duced from the surface of the radicle Fig. 1 . After-
ward  the elongating hypocotyl got out of the seed coat
and only the two cotyledons remained in the coat Fig.
2 . As the two cotyledons enlarged the young seedling
gradually escaped from the seed coat Figs.3 — 5
Meanwhile the main taproot gradually developed and
continued to grow downward Figs.3 4 . However the
initiation of both fibrous roots and taproot was delayed
sometimes during seedling development Fig. 5 . The
seed coat was usually carried up attached to the tip of the
two cotyledons or to one of the cotyledons which were
greenish in color Fig.5 . While the growing hypocotyl
got out of the seed coat the primary growth of the two
cotyledons showed an initial differentiation in size Fig.
6 . One cotyledon was slightly larger than the other in
which the larger one was 250 — 260 pm long and the small
one 245 — 255 pm long Fig. 6 . While the young

seedling escaped from the seed coat two cotyledons be-
came more rapid in wide growth Figs.7 8 . Meanwhile
The different sizes of the two cotyledons became slightly
more manifested in which the larger one was about 320
pm long and the small one about 260 pm long Fig. 8
Accompanying the enlargement both in width and length
two cotyledons opened up and gradually spread out flat

Figs.9 11 12 . When the two cotyledons became ex-
planate the large cotyledon was about 350 pm while the
small one was about 290 pm in length Fig.13 . During
the development of the two cotyledons a plumular bud
became visible between two cotyledons Figs. 10 - 13
The true leaves were initiated in pair Fig.14 . The first
opposite pair of the true leaves was alternate to the two
cotyledons Fig.16 . The second pair of the true leaves
arose at the position alternate to the first pair of the true
leaves Fig.17 . At this stage the two cotyledons were
still greenish in color and almost equal in size Figs. 16
17 . While sequentially detaching the true leaves the
apical meristem was continuously active for apical growth
which formed a simple stem Figs.16 17 . In an excep-
tional case there were three cotyledons developed in the
seedling in which one was remarkably larger than the oth-
er two Fig.15 .

3 Discussion

3.1 Comparison between Titanotrichum and others
in the Cyrtandroideae

Since Crocker ' first described the unequal growth
of the cotyledons in Streptocarpus more and more species
have been recognized with more or less unequal develop-
ment of the cotyledons in the subfamily Cyrtan-
droideae "' =16 . In an extreme case even though the ini-
tial seedling possesses two equal cotyledons one of the
cotyledons increases considerably in size after a few days
and continues to grow until the plant has reached the ma-
ture size while the other remains stationary and eventual-
ly dies off 1 111415 No other leaf is produced in the life

of the plant. This growth pattern of seedling has been

-

Figs.1-15.

SEM micrographs of the seedling development. 1—5. Lateral view showing the process of the seedling bursting the seed coat.

1. Radicle arrow just bursting the seed coat with several fibrous roots. Scale bar =209 pm. 2. Showing that the elongating hypocotyl ar-
row has got out of the seed coat and only two cotyledons remain in the coat. Scale bar =165 pm. 3 4. Showing that two cotyledons gradually
escape from the seed coat as enlarged in size meanwhile the main taproot arrow gradually develops and continues to grow downward. Scale
bar =209 pm. 5. Showing the seed coat being carried up attached to the tip of the two cotyledons and the case that both fibrous roots and tap-
root are delayed in growth during seedling development. Scale bar =149 pm. 6. Similar stage to Fig.2 with the seed coat removed showing
that the primary growth of the two cotyledons demonstrates an initial differentiation in size in which one cotyledon is barely larger than the other.
Scale bar=95 pm. 7 8. Similar stages to Fig.3 and Fig.4 respectively with the seed coat removed showing that the different sizes of the two
cotyledons become slightly more manifested while they become more rapid in wide growth. Scale bar = 120 pm in Fig.7 and 195 pm in Fig. 8.
9. Oblique-lateral view showing two cotyledons being opening up accompanying their enlargement both in width and length. Scale bar = 127
pm. 10. Similar stage to Fig.9 showing the initial plumular bud. Scale bar =209 pm. 11 12. Oblique-polar view of young seedlings show-
ing that two cotyledons gradually spread out flat with primary development of the plumular bud arrow . Scale bar = 127 pm in Fig. 11 and 83
pm in Fig.12. 13. Polar view of two explanated cotyledons with a plumular bud arrow between them note almost equal size of two cotyle-
dons. Scale bar=110 pm. 14. A close-up of the micrograph of Fig. 13 showing the initial true leaves arrow . Scale bar = 41 pm. 15.
Oblique-lateral view showing three cotyledons as an exceptional case developed in the seedling in which one is remarkably larger than the other
two. Scale bar =138 pm.

Abbreviations C cotyledon Hy hypocotyl LC large cotyledon P plumular bud SC small cotyledon Te seed coat Tr main taproot.
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Figs.16 17.  Photograph of young seedlings note that the two
cotyledons are still greenish in color and almost equal in size. 16. A
young seedling with the first opposite pair of the true leaves alternate
to the two cotyledons. Scale bar=1 612 pm. 17. A young seedling
with the second pair of the true leaves becoming visible at the posi-
tion alternate to the first pair of the true leaves. Scale bar = 3 8§91
pm.

C cotyledon Hy hypocotyl Tf first pair of the true leaves Tr
main taproot Ts second pair of the true leaves.
found in several species with unifoliate habit in which
there is only one enlarged and foliaceous cotyledon in the
plant life. These species respectively belong to two tribes

and several genera such as Streptocarpus and Monophyl-

1518 In these species a typical plumule or apical

15 18 19

laea
meristem is lacking . However it is more frequent
that the two cotyledons differentiate remarkably in size af-
ter germination due to accrescence of one cotyledon in the
pair as a result of continued activity of basal intercalary
anisocotyly meristems '> ' . In these species the apical
meristem is still maintained even though delayed in activi-
ty which develops a rosette or caulescent plants ' . This
unequal growth pattern of seedling is widely distributed in
the Cyrtandroideae.

In T. oldhamii the size differentiation of the two
cotyledons begins while the hypocotyl grows. The size dif-
ference in the two cotyledons is manifested during the
seedling development. However both of the two cotyle-
dons develop normally and locate at the same level. The
two cotyledons are almost equal finally in size. The aerial
shoot including stem and leaves is produced from the
permanent activity of the apical meristem. Apparently
even though the seedling development in Titanotrichum
basically conforms to the unequal growth pattern of the
seedling in the Cyrtandroideae it is remarkably different
from that of other Cyrtandroideae.

3.2 Phylogenetic consideration

The subfamily Cyrtandroideae is characteristic of un-
equal growth of the cotyledons accompanied with the de-
layed formation of a plumule. Burit * suggested that
small and numerous seeds and an accrescent cotyledon
were interlocked during functional evolution in the Cyrtan-
droideae. As compensating for the lack of food reserves in
the seed the continued growth of one cotyledon may act

as an additional photosynthetic tissue before energy is re-
quired to mobilize a plumular growing point and new
leaves . The delayed development of the shoot apical
meristem and the continued growth of one cotyledon re-
quire an uncoupling of the strict developmental linkage
between meristematic activity and the shoot apex 2! . This
uncoupling may result from gain-of-function dominant mu-
tations in plant-meristem-determining genes such as stm
shootmeristemless ' % . The unifoliate form as an ex-
treme case would be derived from indefinite delay of the
activity of the shoot apical meristem and extreme develop-
ment of the meristematic cotyledon >! . The interplay of
the reproductive strategy and photosynthetic economy
gains a more advantage for adapting to different environ-
mental conditions.

In Titanotrichum seeds are averagely 900 pm long
and 200 pm wide. The seed size of Titanotrichum is larg-
er than the average size of seeds in the Cyrtandroideae. It
seems that Titanotrichum is not strongly involved in the
functional evolution toward remarkable accrescence of one
cotyledon and mini-size of seeds. This suggestion is fur-
ther confirmed by the normal development of the plumule
in Titanotrichum which indicates that there exists no un-
coupling of the developmental linkage between meristem-
atic activity and the shoot apex in Titanotrichum . In ad-
dition a very curious reproductive strategy is developed
in Titanotrichum oldhamii . In the upper part of the race-
mose inflorescence clusters of bulbuls serving as vegeta-
tive propagules are often produced in the axils of bract
instead of a flower. The bulbuls are very deciduous
which gives rise to a new plant. The development of the
bulbuls shows that each cluster of bulbuls is developed
from the same floral primordium as a flower personal
communication with Dr. WANG Cun-Neng . This curious
vegetative propagation developed in Titanotrichum is par-
allel to the generative propagation with numerous mini-
seeds and continued accrescence of one cotyledon as in
other Cyrtandroideae in the reproductive strategy. There-
fore it is likely that Titanotrichum representing a lin-
eage diverges early in the evolution of this subfamily
and does not strongly evolve toward remarkable accres-
cence of one cotyledon but toward additional vegetative
propagation in the functional evolution. This evolutionary
change may be related to lack of convenient pollinators.
In addition to the seedling development and vegetative
propagation some morphological features are also exclu-
sive with Titanotrichum in the Cyrtandroideae such as
the terminal racemes  dimorphic flowers and scaly
stolons. The above facts are coincident with the cladistic
analysis of ndhF sequence data which show an isolated
position of Titanotrichum within the Cyrtandroideae ®? .
Putting the evidence of seedling development together with
comparative data into consideration we suggest that Ti-
tanotrichum should be considered as the sister to the re-
mainder of the subfamily Cyrtandroideae within the Gesne-
riaceae. The final judgement should be waited for further
information from more detailed sampling of DNA se-
quences pollination and reproductive ecology.
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