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Results
Trends in Leaf Growth

All accessions had leaves at nodes 6 and 12. However, accessions 5, 6, and 3
terminated growth before reaching leaf 18. Accession 1 only had 2 leaves reach leaf 18.
Accessions are displayed graphically in the order of initial height classification, smallest
to largest from right to left as follows: 3, 1, 8, 6, 7, 5. Small, medium, or large height will

be denotes as (s), (m), or (1) respectively.

Leaf Complexity

Leaf six showed the least variation in terms of leaflet and tendril number in
comparison to leaves 12 and 18 across accessions. Increased variability between samples
occurred at a higher rate with the increase of leaf number as shown in Table 3. This

variability was expected, as pea leaves can vary greatly in composition (Lu et al. 1996).

Table 3: Leaf characteristics for leaf 6, leaf 12, and leaf 18 for all accessions.

Acc. | Leaf 6 Leaf 12 Leaf 18

3(s) | 21,*[3t] OR [2t,3t] | 21, 2], 2t, [3t] OR [2t, 2t] Terminated
OR [2t, 2t]

1(s) | 21, [2t] OR [3t] OR | 21, 21, 2t, [2t] OR [3t] 21, 21, 2t, 3t
[11, 1t, 3¢]

8(m) | 21, [3t] or [2t, 2t] 21, 21, [2t, 3t] OR [2t, 2t] OR 21, 21, [3t] OR [2t, 3t]
OR [1t, 11, 31] [1t, 11, 3t]

6(m) | 21,2t 21L,21,2t,3¢ Terminated

T (242t 21,21,2¢3¢t 21, 21, [11, 1t, 2t, 2t, 3t] or

[21, 2t, 2t, 3t]
5 | 21,2t,3¢ 21,21,2t,3¢t Terminated

*<¢ stands for tendrils; “1” stands for leaflets; [ ] stands for one set of options for a node with different
compositions.

All accessions had an increase in leaf complexity between leaves 6 and 12 as

shown in Table 4. For the accessions that reached leaf 18, 8 and 1 exhibited a decrease in
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complexity between 12 and 18. For accession 7, however, leaflet number stayed the

same between 12 and 18 while tendril number increased on leaf 18.

Table 4: Average number of pinna per node.

Accession Number
3(s) { 1(s) | 8(m) | 6(m) | 7(1) | 5(I)
Leaf 6 2.5 3 2.6 2 2 3
Leaf12 | 4 47 4 4 4 4
Leaf 18 - 4 35 - 6 -

Leaf Biomass
Four of the six accessions showed an increase in biomass between leaves 6 and
12, as shown in Figure 5. All three of the accessions that grew throﬁgh leaf 18 displayed

a decrease in biomass between leaves 12 and 18.
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Figure 5: Biomass in grams for leaves 6, 12, and, when applicable, 18 for all six accessions of Pisum
sativum (small, medium, and large subcategories). The boxplot shows median as well as upper and lower
quartiles.

Cell Area
Cell area measurements were taken of the epidermis of the most proximal left
leaflet. Motic Images was used to make area approximations as shown in Figure 6.

Leaves 6 of accessions six and seven were too desiccated to obtain an epidermal peel.
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Since accession six only provided leaves 6 and 12 for the experiment, its contribution of
only one growth stage to cell area analysis is rather inconsequential and therefore
excluded from cell area summary. Three of the four viable accessions showed an
increase in cell size between leaves 6 and 12, as shown in Figure 7. Of the three
accessions that grew through leaf 18, all showed different trends between leaves 12 and
18. Accession one exhibited an increase cell area, accession eight showed a decrease in

cell area, and accession seven showed a slight increase lacking in significance.

Figure 6: Motic Images
leaf 6, sample 1.
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Figure 7: Cell area in um?for Pisum sativum (small, medium, and large subcategories). The epidermis was
peeled from the left primary leaflet (ventral view) and mounted for measurement using Motic Images
software. The side by side boxplot displays median, upper and lower quartiles, maxium, minimum, outliers
(denoted by -), and extreme outliers (denoted by *).
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Leaf Length
Five of the six accessions displayed an increase in leaf length between leaves 6
and 12 as shown in Figure 8. Of the three accessions that grew beyond leaf 18, all three

displayed a decrease in leaf length between leaves 12 and 18.
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Figure 8: Leaf length in cm from point of stem connection to tip of longest tendril for leaves 6, 12, and 18
of Pisum sativum (small, medium, and large subcategories). The box plot shows median value and upper
and lower quartiles.

Shoot Apical Meristem Diameter

Apical meristem diameter measurement stages were distinguished based on
arbitrary developmental assignment via the methods previously enumerated. All
accessions grew to have apical meristem samples at early, middle, and late. The trends
for this trait varied greatly, as shown in Figure 9. Example micrographs of each stage are
shown in Figures 10, 11, and 12 respectively. Two accessions, three and one, displayed a
decrease in apical meristem diameter between early and middle. Accessions six, seven,

and five displayed an increase in surface area between early and middle. Accession eight
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showed a slight increase in median diameter value while showing a slight decrease in the
minimum value.

Trends between middle and late stage meristems also varied. Accessions three,
one, and five showed an increase in diameter, while accessions eight, six, and seven,

showed a decrease in diameter.
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Figure 9: Shoot apical meristem diameter in pm for early, middle, and late stages for six Pisum sativum
accessions (small, medium, and large subcategories).

Analysis of Variance
Single factors ANOVAs determined that there are significant differences between
diameters across the three stages for accessions 1, 3, 6, and 7 but not for 5 and 8 as

summarized in Table 5. In comparing the stages across all accessions, differences were
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significant for early versus middle stage and late versus middle stage, but not early versus

late.

Table 5: Summary of single factor ANOVA analyses for shoot apical meristem diameter for all accessions
and between developmental stages.

Factor F P-value | F critical
3(s)* 8.77698 | 0.00961 | 4.45897
1(s)* 10.0641 | 0.00654 | 4.45897
8(m) 0.26996 | 0.77101 | 4.73741
6(m)* 19.5889 | 0.00053 | 4.25649
Td)* 18.8629 | 0.00094 | 4.45897
5() 3.41495 | 0.09225 | 4.73741
E v M* | 594230 | 0.01971 | 4.10546
M v L* | 9.95455 | 0.00296 | 4.07265
EvL 1.28969 | 0.26341 | 4.10546
*Significant differences in apical meristem diameter were found in accessions 1, 3,6, 7, E vs M, and M vs
L since F > F critical.

Regression and Correlation

Regressions for biomass, cell area, and leaf length versus apical meristem
diameter were generated using Activ Stats. Regression for cell size was run excluding
the extreme outliers to increase accuracy. Apical meristem diameter and cell size had the
highest R? value, 12.9%, as shown in Table 6. Statistically speaking, that means that
12.9% of the change in cell size can be attributed to change in meristem size. A Pearson-
product moment correlation matrix, Figure 13, was generated using biomass, apical
meristem diameter, average cell area, and leaf length to show correlation between all of
the quantitative variables. Cell size showed the strongest correlation with apical

meristem diameter.

Table 6: Regression values for Apical Meristem Diameter and cell size, biomass, or leaf length. R2 value
indicates the percent of change in one variable accounted for by changes in another variable with apical
meristemn diameter as the independent variable.

AM Diameter & (Variable) | R® Value
Cell Size 12.9%
Biomass 0.2%
Leaf Length 10.1%
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Pearson Product-Moment Correlation

Mo Selector
Bioma. Cell 5_ AH Di_- Leaf L_
Biomass 1,685
Cell Size 6,373 1,884
AM Diameter A.842 8,368 1,684
Leaf Length 8,335 §.523 §.313 1,688

Figure 13: Pearson Product-Moment correlation matrix for apical meristem diameter, biomass, cell size,
and leaf length. The correlation coefficient, r, shows the linear dependence of two variables as a value
between -1 and 1.
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Figure 9: VEGO micrograph, 475x, of the shoot apical meristem of Pisum sativum, accession 8 in the early
developmental stage.
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Figure 10: JEVO micrograph, 200x, of the shoot apical meristem of Pisum sativim, accession 8 in the
middle developmental stage.
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Figure 11: VEGO micrograph, 475x, of the shoot apical meristem of Pisum sativum, accession 8 in the late
developmental stage.




Halfman 24

Discussion

This study sought to examine changes in leaf complexity and development in light
of changes in shoot apical meristem structure in Pisum sativum. Measurements of shoot
apical meristem (SAM) diameter were made for three developmental stages across six
different genetic accessions. Complexity, a rather amorphous concept, was quantified in
variety of ways possibly relating to SAM function: pinna number, leaf biomass,
epidermal cell area, and leaf length. These characteristics were examined within different
developmental stages of the | same accession and across stages between differing

accessions in respect to apical meristem diameter.

Shoot Apical Meristem Growth throughout Development

One of the goals of the study was to observe how characteristics of the shoot
apical meristem change throughout development, regardless of trends in complexity. In
examining the developmental stages, early, middle, and late, across plants, shoot apical
meristem diameter appears to significantly increase in size, as predicted (Figure 12, Table
4). However, SAM diameter decreases significantly later on in development, a trend I
did not predict. Interestingly, the diameters from early and late stages do not differ
significantly, suggesting cyclical growth of the SAM, as proposed by Kwiatkowska
(2004).

In light of the data, further investigation of flowering and shoot apical meristem
size may provide additional insight into the relation of growth trends to apical meristem
development. During dissection, inflorescences were visible with all middle and late
stage meristems. Reproductive development has been shown to influence both shape and

size of the shoot apical meristem (Leyser and Day 2003). In some plants, the
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transitioning from juvenile to adult phase is accompanied by an enlargement of the shoot
apical meristem (Smith and Hake 1992), explaining the increase in diameter in four of the

six accessions between the early and middle SAM stages.

Leaf Complexity in light of SAM Development

Different leaf complexity quantifications were taken in hopes of determining to
what extent, if any, does shoot apical meristem size impact developmental outcomes of
leaf growth. Some characteristics did not appear to relate to shoot apical meristem
diameter, such as biomass. Not only did biomass not relate to apical meristem
characteristics, its values did not appear to follow any trends within and between plants
(Figure 5).

Leaf length also did not correlate to apical meristem size. The lack of correlation
is most likely due to the highly plastic nature of leaf growth, especially in the tendrils
(Figure 8). Tendrils are highly responsive to environmental components, since they are
opportunistic in terms of twining to increase levels of support for the stem
(Meicenheimer et al. 1983). The origination of the apical meristem has to some extent
been tied to the increased competition for light and an overall increase in plant success
(Fay and Throop 2005). Tendrils, which originate from the leaf as opposed to the shoot
apical meristem, work in a different way to increase plant fitness through increasing
vertical stability during growth.

Both the Pearson-product moment correlation and regression suggest that trends
in cell size appear to be the most related to apical meristem diameter (Table 6, Figure 13).

Work by Smith and Hake (1992) has shown that the application of varying amount of
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plant hormones to the shoot apical meristem changes both its size as well as phyllotactic
patterns. The hormone treatments causing these changes are linked to the rate of cell
displacement and therefore cell division within the apical meristem to primordia as
opposed to changes to the area of the apical dome. Displacement rate may relate to cell
size, as an increase in cell division would mean a decrease in the amount of time cells
will spend in the growth phases of cell reproduction, decreasing overall size.
Additionally, another leaf characteristic appears to correlate with shoot apical
meristem diameter: pinna number. All accessions showed an increase in pinna number
between leaf 6 and leaf 12 (Table 4), as was to be expected from the findings of Lu et al.
(1996), and four of those accessions also showed an increase in apical meristem diameter:
8,6,7, and 5 (Figure 12). The decrease in pinna number displayed in accessions 1 and 8
corresponded with a decrease in meristem size for that developmental marker, further
suggesting a connection between the two. Both characters, cell size and pinna number,

suggest that leaf complexity is tied to shoot apical meristem diameter.

Characteristic Comparison amongst Plant Sizes

The six P. sativum accessions were subdivided into three categories based on
height to examine differences apical meristem and complexity traits across a range of
sizes. The two accessions that did not display an initial increase in shoot apical meristem
diameter, 1 and 3, were both small varieties. This trend is the only apparent distinction in
SAM growth based on size classification. Most apical meristem diameters ranged frofn
125 to 175 pum regardless, suggesting that the overall size of the plant is not related to the

diameter of the shoot apical meristem (Figure 12). Therefore, small, medium, or large




Halfman 27

sizes of plants are not the product of small, medium, or large apical meristems,
respectively.  Height is not indicative of meristem characteristics throughout
development.

There was no significant difference between pinna number between stages. Some
difference was seen in biomass and epidermal cell area, with large plants having slightly
larger values for these characteristics, although not significantly. The largest difference
between complexity characteristics between small, medium, and large sized accessions
was in leaf length. While the small and medium sized plants exhibited a high degree of
leaf size overlap, varying from 5.5 to 20.0 cm, plants characterized as large had leaves of

lengths ranging from 12.5 to 22.0 cm (Figure 8).

Genetic and Environmental Influences on Heterophylly

Another goal of the study was to examine pea heterophylly in a controlled
environment in order to tease out the relationship between genetic and environmental
influence of the expression of leaf complexity characteristics. Heteroblastic leaf
development was shown in addition to variation in apical meristem size, though to
differing extents. It is evident that both leaf development and shoot apical meristem size
are maintained largely through genetic control.

Work with Arabidopsis has revealed several genes of great importance to function
at various regions in the meristem. The most widely spread and influential of these is the
KNOX gene SHOOTMERISTEMLESS (STM), which codes for transcription factors
necessary for gene expression during both embryo development and plant growth (Leyser

and Day 2003). Seedlings without a functional STM gene develop with no SAM and
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fused cotyledons, while seedlings with reduced function STM alleles will grow vertically
for a short time before SAM cell divisions cease. The WUSCHEL (WUS) gene works to
maintain the SAM’s indeterminate cell division activity. Plants without functional WUS
alleles terminate SAM activity immediately after the production of the first two leaves.
Two additional genes help to maintain the size and proportion of the apical meristem:
CLAVATA I (CLVI) and CLAVATA 3 (CLV3). These genes work in tandem to regulate
the size of the SAM central zone, and mutants can produce SAM up to 1000 times larger
than wild type plants (ibid).

Genes may not be the only genomic influence, as Wong et al. (2008) mentions the
importance of epigenetics in the regulation and determination of plant stem cell identity,
similar to what is found in animals. The regulation of the histone proteins involved in
chromosome condensation correlates to the activation or repression of many genes
relating to plant development. Epigenetics is still a largely developing area of botany,

and only further research will clarify its role in SAM and leaf complexity characteristics.

Conclusions

As the perpetually embryonic area of the plant, the shoot apical meristem is of
great interest in areas of botanical research in term of understanding the development of
cell identity. By exploring how the apical meristem correlates to leaf characteristics, it
would be possible to further understand this differentiation process and how far reaching
the influence of the shoot apical meristem reaches in terms to further development. An
examination of heterophylly in relation to shoot apical meristem volume, as suggested in

Mauseth and Niklas (1976), could provide a better look at the ties between changes in the
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SAM and changes in leaf characteristics. Based on my findings, the shoot apical
meristem of Pisum sativum exhibits plastic development which impacts the
characteristics of leaf complexity across genetic accessions, regardless of the overall size

of the plant.
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