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ABSTRACT 

 

DNA C-values have been published for 213 orchid species to date (Bennett & Leitch, 

2005) out of a total of approximately 25,000 known species. Sampling is currently 

low because techniques for estimating genome size are time-consuming and require 

expensive specialist equipment. In order for any analyses of genome size trends over 

the evolutionary history of Orchidaceae to be made, further data is needed. The 

objective of this study is to investigate whether the significant relationship between 

cell size and genome size that has been found for angiosperms is consistent 

throughout Orchidaceae. If a strong correlation is found, it should be possible to 

estimate genome size by measuring stomatal guard cell length. Measurements were 

taken for 71 orchid species with known 1C-values, covering as wide a range of clades 

and genome sizes as possible. A significant positive correlation (r = 0.75) between 

guard cell length and 1C-value was obtained. The technique was then used to 

measure guard cell lengths in dried herbarium specimens from the subfamily 

Apostasioideae, which is sister to all the remaining orchids (Cameron, 2004). The 

species in Apostasioideae were found to have smaller guard cells than the species 

from the other subfamilies, suggesting that primitive orchids have small genomes 

which have increased through evolution in many clades. 
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INTRODUCTION 

 

Eukaryotic genome size varies 600,000-fold. Although these variations are well-

documented, the reasons behind them are still not clear. A correlation between 

genome size and cell size has been observed in many previous studies (Mirsky and 

Ris, 1951, Commoner, 1964, Bennett, 1972) as well as a negative correlation with 

duration of cell cycle (Van't Hof and Sparrow, 1963). Many recent studies have used 

cell size as a proxy for genome size (Masterson, 1994, Almada et al., 2006, Gregory, 

2001), although for plants, most studies are concerned with sizes within species at 

varying levels of polyploidy. Comparisons of genome size across species are sparse 

and results have so far been inconsistent. For example, Price (citation 1973) results 

showed a correlation of 1.00, whereas the figure was -0.48 for Grime’s data (Grime et 

al., 1997).  

 

At present, the most popular methods for estimating genome size are flow cytology 

and microdensitometry. These techniques are time-consuming and require expensive 

equipment. It has been postulated that if cell size is strongly correlated with genome 

size, it should be possible to obtain a C-value estimate by measuring cells. In 

angiosperms, epidermal cells are ideal for this as they can be easily be observed by 

making an epidermal impression using clear nail varnish. Stomatal guard cells have 

the added benefit in that they are of relatively consistent size within each species 

(Dunn et al., 1965), which appears not to be affected by stomatal aperture or different 

environmental conditions, such as temperature and humidity (Sharma and Dunn, 

1968). Results showing a linear correlation between genome size and guard cell 

length have already been achieved for angiosperms in general (Beaulieu unpublished) 

and more comprehensively, for the orchid genus Cypripedium (Kahandawala, 

unpublished). There is also evidence that this technique can be used for dried and 

fossilised leaves (Masterson, 1994)(citation – Masterson & Kahandawala), which is 

not possible for flow cytology or microdensitometry. 
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Orchidaceae is of particular interest to evolutionary biologists, because this family is 

one of the most species-rich and diverse of the plant world. The Royal Botanic 

Gardens, Kew currently lists approximately 25,000 species, with new species 

regularly being discovered and described (Govaerts et al., 2006). Furthermore it is 

one of the best-studied families of the angiosperms in terms of infra-familial 

phylogenetic relationships (Chase et al., 2003)(citation – Chase). The family is split 

into five subfamilies: Apostasioideae, Vanilloideae, Cypripedioideae, Orchidoideae 

and Epidendroideae, with the bulk of species contained in the latter group (Figure 1). 

Apostasioideae is sister to the clade formed by the other subfamilies and thus is 

considered to contain the most primitive orchid species. There is a ~130-fold range in 

genome size over Orchidaceae, although the majority of orchid species have fairly 

small genomes. Larger genome sizes are found in Cypripedium, Paphiopedilum and a 

few other terrestrial species, based on data from the Plant C-values Database (Bennett 

and Leitch, 2005) and from more recent estimates carried out by Beaulieu et al. 

(2007) and Kahandawala (unpublished). There are currently no genome size estimates 

for any species in Apostasioideae. 

 

Variation in DNA content between closely-related species is usually either a result of 

polyploidy (Mishra, 1997) or an accumulation of repetitive non-coding DNA. 

Polyploidy is extremely widespread in angiosperms in general, with multiple rounds 

of polyploidy events occurring throughout their evolution (Adams and Wendel, 

2005). More relevant to this is the variation in orchid genome size due to the insertion 

of non-coding DNA, in particular, long terminal repeat- (LTR-) retrotransposons 

(SanMiguel et al., 1996), which are the most common type of transposable element in 

plants (Kumar et al., 1999). Retrotransposons replicate themselves to RNA then back 

to DNA via reverse transcriptase, thus rapidly increasing the copy numbers of genetic 

elements. LTR-retrotransposons make up a large part of plant nuclear genomes, for 

example, over 70% in maize (Sanmiguel and Bennetzen, 1998) (SanMiguel and 

Bennetzen, 1998).  
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In a recent investigation of genome size in a phylogenetic context, Leitch et al (Leitch 

et al., 2005) superimposed C-values for 2,802 angiosperm species including 72 

orchids onto a robust phylogenetic tree. It showed that in 15 higher order groups, 

species had small C-values, and very large C-values occurred in only two distantly 

related groups. Within these two groups, small C-values were present at the lower 

taxonomic levels, with very large C-values restricted to species in the more derived 

families (Leitch et al., 1998). From this, they concluded that the ancestral angiosperm 

genomes were small. Paleobotanical evidence supports this conclusion. In a study 

using stomatal guard cell length as a proxy for genome size in fossilized plants, 

Masterson (Masterson, 1994) found that members of Magnoliales, Lauraceae and 

Platanaceae from the Cretaceous period when angiosperms first began to appear in 

the fossil record had C-values smaller or at the lower end of the range of those extant 

today. Bennetzen and Kellogg agree with this theory of a small ancestral genome 

which gradually increases through evolution via amplification of transposable 

elements (Bennetzen and Kellogg, 1997). 

 

In this study, guard cell length was measured for a range of orchid species with 

known genome sizes in order to confirm the relationship between them. Once the 

correlation was proved to be significant, guard cell measurements were taken from 

species of Apostasia and Neuwiedia. The data should indicate whether these species 

have genomes smaller than those of higher orchids as hypothesized. 

 

MATERIALS AND METHODS 

 

Guard cell measurements 

Epidermal impressions were made using clear nail varnish (Boots Natural Collection) 

applied to a section of the leaf approximately halfway between the base and apex and 

to either side of the midrib, away from the margins. All measurements were taken 

from the abaxial leaf surface. Epidermal peels were examined using a light 

microscope at 40x magnification and guard call measurements to the nearest 

micrometer were recorded. The length was measured as shown in Figure 1 rather than 
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the shorter axis, as the latter varies depending on whether the pore is open or closed. 

For each sample, 50 randomly selected stomata were measured. Although, the quality 

of the peels did not appear to deteriorate over time, each sample was measured within 

three days from the initial preparation of the slide. 

 

Figure 1. An orchid stoma showing how guard cell lengths measurements were 

taken.  

  

 

Sampling 

All fresh samples were from plants growing in nurseries at the Royal Botanic 

Gardens, Kew and the dried samples were obtained from Kew’s herbarium collection. 

Although the choice of leaves was somewhat restricted in certain cases (for example, 

due to extensive damage to the plant), only fully mature leaves were selected.  In 

order to find out if guard cell length varied in different parts of the leaf, samples were 

selected from five orchid species: Bletilla striata, Bulbophyllum lepidum, Ceologyne 

massangeana, Ornithophora radicans and Dendrobium speciosum. Species were 

selected on the basis of having diverse leaf shapes. Epidermal peels were made in 

each the sections of the leaf away from the margins and midrib (Figure 2). 

 

Figure 2. Diagram showing how the leaves were divided into sections.  
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For the main set of measurements, 71 species with known genome sizes were 

selected, including species from as many different tribes as possible (at least one 

specimen for each of the subfamilies except Apostasioideae). Estimates of 1C-values 

were mainly taken from the Plant DNA C-values database maintained at RBG, Kew 

(Bennett and Leitch, 2005), but a small number were from recent unpublished studies 

not yet included on the database. A wide range of genome sizes was also desirable, 

therefore as the majority of orchids have small C-values, it was necessary to include a 

relatively large number of samples from Cypripedioideae. Of these, 40 of the samples 

were oven-dried and re-measured to see whether the drying process has any effect on 

guard cell length. 

 

For the herbarium specimens, epidermal peels were taken from all available species 

in Apostasioideae (genera Apostasia and Neuwiedia). For each species three 

specimens were selected from different countries of origin, except for A. latifolia and 

A. elliptica, of which only one specimen of each currently exist in the herbarium 

collection at Kew. 

 

Analytical methods 

 

ANOVA were performed on the data from the different leaf sections using Minitab ® 

Release 14.1. Variances between guard cell length measurements and between the 

different were determined using this method.  

 

Regression lines were produced for mean guard cell lengths of the species with 

known genome sizes and a correlation analysis carried out using Minitab ® Release 
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14.1. Likewise, a regression line was produced for the guard cell lengths before an 

after drying. A paired t-test was performed to determine whether there is a significant 

change in guard cell length after the leaf is dried.  

 

Results 

 

Figure 3. Mean guard cell lengths with standard errors from numbered leaf 

sections in different Orchidaceae species. There are differences of varying degrees 

between mean guard cell lengths across the different leaf sections in each species. 

The guard cells in the centre sections generally appear to be smaller than those at the 

base and apex, although this is not the case for Dendobrium speciosum. The 

differences in guard cell length between the species are evident, the smallest on 

average being in Ornithophora radicans and the largest in Bletilla striata. 

Untransformed data from which this figure is derived are tabulated in Appendix 4(a).  
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Dendrobium speciosum
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Table 1. Results for ANOVA of guard cell length between leaf sections. The 

results show that there is significant variance for all species at P=0.05 (full data are 

found in Appendix 4b). The species with the least variance between sections was 

Bulbophyllum lepidum.  

Species F P 

Bletilla striata 6.72 <0.001 

Bulbophyllum lepidum 2.75 0.044 

Coelogyne massangeana 3.81 0.011 

Ornithophora radicans 43.38 <0.001 

Dendrobium speciosum 6.72 <0.001 

 

The variance in mean guard cell length between the species is also significant 

(F=11.06, P=<0.001). (Full data in Appendix 4c). 

 

Figure 4. Regression of the relationship between 1C DNA amount and guard cell 

length with 95% confidence interval. 

There is a positive linear correlation between the two variables, but with a number of 

outliers. The majority of points are clustered at the lower end of the range. 

Untransformed data from which this figure is derived are tabulated in Appendix 5. 
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Figure 5. Regression of the relationship between log values of 1C DNA amount 

and guard cell length with 95% confidence interval. 

The log shows a strong correlation and points are more evenly distributed throughout 

the range than in Figure 4. Untransformed data from which this figure is derived 

are tabulated in Appendix 5. 
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Regression analysis across all species showed that 1C DNA content was positively 

associated with guard cell length. Correlation analysis found a significant correlation 

at p=0.01 (r=0.75). Genome size accounted for 79% of the variation. 

 

Figure 6. Scatter plot of correlation between mean guard cell length before and 

after drying. The line shows the point where there is no variation between results. 

There is a strong linear relationship between the two variables and most points lie on 

the line. Untransformed data from which this figure is derived are tabulated in 

Appendix 7. 
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Figure 7. Floating bars showing the range of 1C-values of Orchidaceae classed 

by lifeform (classifications from World Monocot Checklist (Govaerts et al., 

2006)). The black line shows the mean 1C-value. 

The highest 1C-values are found in hemicryptophytes, namely Paphiopedilum and 

Phragmipedium. The smallest range and mean 1C-values are found in epiphytes. 

Although the range for epiphytes appears to extend to 1C-values higher than those for 

geophytes, this is only due to Vanda coerulea (16.8 pg). Without this figure, the 

range would extend to 8.5 pg. Untransformed data from which this figure is derived 

are tabulated in Appendix 5. 
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Figure 8. Floating bars showing the range of mean guard cell lengths of 

Orchidaceae by lifeform (classifications from World Monocot Checklist 

(Govaerts et al., 2006)). The black line shows the mean species guard cell length. 

 

 

Figure 9. Graph showing ranges of guard cell measurements for Apostasia, 

Neuwiedia and the subfamilies of Orchidaceae. 

Apostasia has the lowest range of measurements. Neuwiedia has a marginally higher 

range that overlaps slightly with the lower end range for Epidendroideae. 

Untransformed data from which this figure is derived are tabulated in Appendix 7. 
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Discussion 

 

The main purpose of this study was to examine the relationship between genome size 

and guard cell length within Orchidaceae, using a fairly large species set and a 

comparative approach. Across the four subfamilies, the linearity in the relationship 

between genome size and guard cell length is clear. However, the relationship is not 

sufficiently strong to enable an estimate of 1C-value based on the guard cell length.  

 

There are numerous possible explanations for the variation, one of which concerns 

the diversity of stomatal shapes (see Appendix 8). For example, within the species 

investigated there are both elliptical and circular stomata. Some form an indentation 

where the two guard cells meet, whereas others extrude where they join, giving the 

stoma a “lemon” shape. It has been documented that within an individual plant there 

may be more than one stomatal shape, which can be related to factors such as the age 

of the leaf or the light quality under which it has developed (Stefano and Rosario, 

2003, Brutti et al., 2002). It is possible that different types of stomatal shape have a 

varying relationship with genome size and are not suitable for a consistent 

comparison. To test this, a selection of samples with similarly shaped stomata were 

plotted, but a stronger correlation was not found. Neither was a relationship found 

between the volume of guard cells for 25 samples and their respective genome sizes. 



Victoria Butler  BEP Report 2008 

Page 15 of ? 

Across the samples, stomatal aperture varied from closed to fully open. With time 

restrictions, it would not have been possible to measure only stomata in a particular 

stage of opening. In any case, this should not affect guard cell length, which has been 

shown to remain constant regardless of the stomatal aperture (Willmer and Fricker, 

1995, Franks et al., 2001). 

 

Guard cells close to the margins and midrib may significantly vary in size from the 

overall mean (Willmer and Fricker, 1995, Poole et al., 2000), (Sena Gomes and 

Kozlowski, 1987). The initial part of the study also showed that guard cell length 

varies depending on its proximity to the base and apex of the leaf (Fig. 3), although 

the sample used to investigate this was too small to give a reliable indication of which 

parts of the leaf contained larger or smaller stomata. The results suggest that guard 

cells measured in just one part of the leaf may not give a realistic representation of 

the mean for the entire leaf. If this is the case, a method which involves taking 

impressions in several parts of the leaf may obtain guard cell lengths that correlate 

more strongly with genome size. 

 

The genome size estimates were taken from a number of different studies, dating 

back as far as 1989, which used varying methods. This may have led to 

inconsistencies in estimates and it would not surprising to find that a few estimates 

are inaccurate. In some cases ploidy level has not been recorded, which leads to 

uncertainties about whether all 1C-values are for specimens with identical ploidy 

levels. The 1C-values for some species were determined by dividing estimated 4C-

values (Jodrell unpublished data). This may not give an accurate value because the 

cell size increases with levels of polyploidy, but is difficult to detect because cell size 

parameters do not precisely double as ploidy level doubles (Melaragno et al., 1993).  

 

The two species with the highest residual values are Paphiopedilum dianthum and 

Vanda coerulea. In both cases, it may be possible that the C-values obtained for these 

are inaccurate. One of the most parsimonious phylogenetic trees showing subgeneric 

relationships for Paphiopedilum, places P. dianthum in a group with P. 
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haynaldianum, P. lowii, P. parishii, P adductum and P. rothschildianum (Figure 10). 

1C-value estimates for these (excluding P. parishii for which there is no estimate) 

range from 22.60 pg to 27.03 pg. The known 1C-values for the other species in the 

group Pardalopetalum are 22.85 pg (P. haynaldianum) and 24.53 pg (P. lowii). The 

1C-value 35.90 pg for P. dianthum seems unusually large, considering that in general 

the species that are closely-related, according to this phylogeny have very similar 1C-

values. 

 

Figure 10. Parsimonious ITS DNA tree showing subgeneric relationships in 

Paphiopedilum. 

 

 

 

The 1C-value of 16.8 pg for Vanda coerulea seems unusually high when the 

estimated 1C-values for other Vanda species are 2.05 pg (V. lamellata) and 4.40 pg 

(V. cristata). A 1C-value closer to these would bring V. coerulea further towards the 

line of best fit.  

 

The results of a recent study using the same technique as this study with the orchid 

genus Cypripedium showed a considerably stronger correlation between guard cell 

length and genome size than the broad range of orchid species in this one 

(Kahandawala unpublished). A reason for this may be that the stomata for this 

individual genus are all of a consistent shape, resulting in a meaningful comparison of 

guard cell lengths. Another explanation may be that Kahandawala also carried out her 

own genome size estimates and chromosome counts on the samples, which meant 

that the methods used were identical throughout. This may have resulted in more 

consistent data than when genome size estimates from a number of different studies 

are used. The method Kahandawala used to measure guard cell length differed from 
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this study in that epidermal impressions were photographed using a QICAM 12-bit 

Fast 1394 camera mounted to a Leitz Laborlux compound microscope and 

measurements were taken using Qcapture Pro 5 software. It is possible that this 

resulted in more accurate guard cell lengths than those obtained using a stage 

micrometer.  

 

Even with several outliers, the correlation between guard cell length and genome size 

was found to be significant (r = 0.75). Moreover, genome size was found to account 

for nearly 80% of the total variation in guard cell length. The cause of the remaining 

variation is not clear and would require further sampling to rule out any of the 

possible explanations previously discussed. The strength of the relationship between 

DNA amount and guard cell length allows assumptions to made about the genome 

size of Apostasioideae species based on the data from dried herbarium specimens. 

The guard cell lengths of Apostasia in particular indicate that this genus contains 

genome sizes smaller than those of other orchids, although it is important to bear in 

mind that genome sizes for only a tiny proportion of species in Orchidaceae have so 

far been estimated. The data currently available supports the suggestion that the genus 

Apostasia is the most primitive of Orchidaceae, based on the hypothesis of a small 

ancestral genome (Leitch et al., 1998), although in terms of anatomy, Neuwiedia is 

closest to the hypothetical ancestral Ur-orchid (Dressler, 1993). 

 

If the variation in genome size was simply a result of regular amplification of 

retrotransposons over evolution, it would be reasonable to expect the largest genome 

sizes to be found at the highest taxonomic levels, for example, higher 

Epidendroideae. This is not the case, however; the largest genome sizes are in fact 

contained in Cypripedioideae. There are two possible explanations for this: either a 

process of retrotransposon deletion has taken place in some lineages, a process that 

has been observed in other angiosperms, (Bennetzen and Kellogg, 1997, Vitte et al., 

2007) or the increase in genome size has occurred more rapidly in others e.g. 

Cypripedium. From chromosome counts of species in Oncidiinae, Chase et al (Chase 
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et al., 2005) postulate that fusing chromosomes might be involved in the process 

leading to reduction in genome size. 

 

The strength of the relationship suggests that there is a functional link between 

genome size and cell size. Because polyploid species have larger cells it may be 

assumed that genome size sets cell size and not the other way around. There is even a 

hypothesis that cells may actively enlarge cells by electing endomitotic cycling as a 

means to increase growth rate (Galbraith et al., 1991). Additional factors such as 

genes (Nadeau and Sack, 2002) and environmental conditions are also likely to play 

an important role in determining cell size, but only through the adjustment of the final 

cell size from the average laid down by DNA content. Variation in genome size can 

sometimes lead to phenotypic adjustments other than cell size, such as duration of 

mitosis and meiosis, minimum generation time and seed size. If certain phenotypes 

prove advantageous to the plant, the genome size with evolve with the corresponding 

traits as they are selected for (Petrov, 2001).  

 

Figs. 7 and 8 show that epiphytic orchids have smaller genomes than their terrestrial 

counterparts. This agrees with findings by Fay et al (Fay et al., 2006). and Chase et al 

(Chase et al., 2005). One hypothesis for this could be that genomes have remained 

small in epiphytes due to selection pressures that are not experienced by terrestrial 

species, whereas the trend for retroelement amplification has continued with less 

restrictions in terrestrial species. One of the disadvantages of having a large genome 

is that it leads to an increase in minimum generation time (Bennett, 1972). As many 

epiphytic orchid species select precarious sites such as the twigs of shrubs, from 

which other epiphytic plants are absent (Chase et al., 2005), the aptitude for rapid 

cycling is likely to be advantageous. Terrestrial orchids tend to grow in sites less 

prone to disturbance or sudden change, therefore do not gain anything by possessing 

smaller genomes. Another constraint on cell size in epiphytic orchids is related to 

limited water availability. The presence of adaptations found typically in drought 

tolerant plants, such as thick cuticles and water storage organs, strengthens this 

hypothesis (Chase et al., 2005). The results of this study agree with other findings 
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that the largest genomes are generally found in plants that have a distinct brief period 

of growth followed by period of dormancy, for example, during a cold or dry season 

(Chase et al., 2005), which is case in most terrestrial orchids. In this case, having a 

large genome size may allow for rapid cell expansion while conditions are optimal. 

 

In conclusion, Orchidaceae is an extremely diverse angiosperm family, but despite 

this there is a significant correlation between guard cell length and genome size 

across the subfamilies. As a result, it is possible to use guard cell length to obtain an 

approximate indication of genome size with both fresh and dried specimens. Using 

this method, it was found that species in Apostasioideae have very small genome 

sizes in relation to species in the higher subfamilies, which fits predictions of a small 

ancestral genome. 
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Appendix 1: Progress Form 

Appendix 2: Project Plan & Safety Assessment 

Appendix 3: Glossary 

 

Hemicryptophyte A perennial plant with overwintering buds located at the soil 

surface. 

Appendix 4(a): Table of raw data from sampling within leaf sections 

 

 Mean guard cell length (um) 

Species Section 1  Section 2 Section 3 Section 4 

Bletilla striata 39.39  4.15 36.46  3.25  39.73  4.17 42.74  3.44 

Bulbophyllum lepidum 30.27  2.08  29.54  2.07 29.07  2.09 29.67  2.21 

Ceologyne massangeana 36.72  3.86 36.25  2.82 34.96  2.37 36.51  2.11 

Ornithophora radicans  26.66  1.84 24.47  2.17 22.36  1.89 25.24  1.78 

Dendrobium speciosum 32.51  2.48 32.98  3.24 34.74  2.99 34.40  3.04 

 

Appendix 4(b): Results of ANOVA of guard cell length between leaf sections for 

each species. 

 

Bletilla striata 
Source     DF        SS      MS     F      P 

Sections    3   175.539  58.513  6.72  0.000 

Error     196  1706.719   8.708 

Total     199  1882.259 

 

Bulbophyllum lepidum 
Source    DF       SS      MS     F      P 

Section    3   36.864  12.288  2.75  0.044 

Error    196  877.258   4.476 

Total    199  914.122 

 

Coelogyne massangeana 
Source    DF        SS      MS     F      P 

Section    3    93.814  31.271  3.81  0.011 

Error    196  1610.017   8.214 

Total    199  1703.830 

 

Ornithophora radicans 
Source    DF       SS      MS      F      P 

Section    3   483.14  161.05  43.38  0.000 

Error    196   727.58    3.71 

Total    199  1210.73 

 

Dendrobium speciosum 
Source    DF        SS      MS     F      P 

Section    3   175.539  58.513  6.72  0.000 

Error    196  1706.719   8.708 

Total    199  1882.259 

http://cancerweb.ncl.ac.uk/cgi-bin/omd?perennial
http://cancerweb.ncl.ac.uk/cgi-bin/omd?plant
http://cancerweb.ncl.ac.uk/cgi-bin/omd?overwintering
http://cancerweb.ncl.ac.uk/cgi-bin/omd?buds
http://cancerweb.ncl.ac.uk/cgi-bin/omd?soil+surface
http://cancerweb.ncl.ac.uk/cgi-bin/omd?soil+surface
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Appendix 4(c): Results of ANOVA for guard cell length between each species. 

 
Source   DF       SS      MS      F      P 

Species   4   8.5032  2.1258  11.06  0.000 

Error    15   2.8834  0.1922 

Total    19  11.3866 

 

Appendix 5: Table of raw data from sampling of fresh specimens of species with 

known genome sizes 

 

Species 

Guard cell length 
(um) 

1C 
value 
(pg) Genome size source  Lifeform 

Accession 
No. Mean +/- 

Phaius tankervilleae 42.05 3.08 8.5 Narayan et al., 1989 Geophyte 2002-2582 

Calanthe tricarinata 42.96 2.69 13.25 Narayan et al., 1989 Geophyte 2003-475 

Barkeria lindleyana 28.42 1.70 1.65 Jones et al., 1998 Epiphyte 2004-31 

Cattleya forbesii 29.76 1.65 1.65 Jones et al., 1998 Epiphyte - 

Laelia rubescens 41.67 2.12 1.25 Jones et al., 1998 Epiphyte 1983-5544 

Bletilla striata 36.46 3.25 2.95 Zonneveld et al., 2005 Geophyte 1969-32689 

Coelogyne flaccida 58.65 3.07 4.45 Narayan et al., 1989 Epiphyte 1998-2369 

Pholidota imbricata 31.52 2.93 3.08 Narayan et al., 1989 Epiphyte 1984-3301 

Pleione bulbocodioides 52.31 4.17 5.35 Zonneveld et al., 2005 Geophyte 2003-674 

Ada aurantiaca 34.19 2.09 3.5 Jodrell Epiphyte 1975-464 

Ansellia africana 35.91 1.91 1.85 Jones et al., 1998 Epiphyte 1981-1922 

Aspasia lunata 28.04 1.84 3.56 Jodrell Epiphyte 2002-2517 

Disa tripetaloides 62.86 6.66 5.95 Suda Geophyte 2004-1941 

Brassia verrucosa 39.56 2.04 3.92 Jodrell Epiphyte 1984-1741 

Caucaea nubigena 34.77 2.63 3.94 Jodrell Epiphyte 1999-2767 

Cochlioda noezliana 23.05 1.68 3.48 Hanson et al., 1999 Epiphyte 1999-2954 

Cuitlauzina pendula 27.99 1.60 3.5 Jodrell  1998-4207 

Grammatophyllum scriptum 35.53 2.05 1.7 Jones et al., 1998 Epiphyte 2005-2709 

Helcia sanguinolenta 34.83 2.57 3.83 Hanson et al., 1999 Epiphyte 2000-4462 

Lockhartia oerstedii 23.74 1.79 1.8 Hanson et al., 1999 Epiphyte 1975-2611 

Miltonia regnellii 30.36 1.77 4.71 Jodrell Epiphyte 1979-1762 

Odontoglossum wyattianum 29.86 1.90 3.95 Hanson et al., 1999 Epiphyte 2005-2617 

Ornithophora radicans 24.47 2.17 0.88 Jodrell Epiphyte 2003-2884 

Peristeria elata 32.06 2.36 4.65 Jones et al., 1998 Epiphyte 2003-277 

Rossioglossum grande 51.42 3.22 8.505 Knight et al Epiphyte 2002-2100 

Odontoglossum sanguineum 25.41 2.19 4.18 Jodrell Epiphyte 2004-120 

Trichoceros antennifer 40.26 3.85 4.38 Hanson et al., 1999 Epiphyte 2005-995 

Trigonidium egertonianum 35.56 2.60 1.75 Jodrell Epiphyte 2005-1025 

Aerides odorata 37.24 2.15 3.78 Narayan et al., 1989 Epiphyte 2002-133 

Cleisostoma subulatum 27.97 1.65 3.2 Jones et al., 1998 Epiphyte 1992-899 

Doritis pulcherrima 28.25 2.61 6.75 Lin et al., 2001 Epiphyte 1979-311 

Rhynchostylis retusa 46.91 2.77 2.58 Narayan et al., 1989 Epiphyte 1984-4643 

Schoenorchis gemmata 35.20 2.46 3.2 Narayan et al., 1989 Epiphyte 2004-27 

Smitinandia micrantha 28.08 2.40 2.1 Jones et al., 1998 Epiphyte 2004-108 

Vanda coerulea 29.19 2.54 16.8 Zonneveld et al., 2005 Epiphyte 2002-2731 
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Vanilla pompona 32.12 2.28 7.25 Jones et al., 1998 Climber 2003-309 

Vanilla planifolia 
26.40 2.89 7.95 

Arumuganathan and 
Earle, 1991 Climber 1990-1994 

Phragmipedium longifolium 42.48 2.36 6.1 Cox et al., 1996 Hemicr 1988-2127 

Oncidium marshallianum 27.76 1.41 1.83 Hanson et al., 1999 Epiphyte 2004-68 

Phalaenopsis amabilis 23.44 1.75 1.18 Nagl and Capesius, 1977 Epiphyte 1998-2397 

Paphiopedilum 
appletonianum 64.90 3.31 7.7 Hanson et al., 1999 Hemicr 1981-1588 

Dendrobium pulchellum 36.97 1.46 1.6 Jones et al., 1998 Epiphyte 1993-1957 

Bulbophyllum cocoinum 44.42 2.11 2.7 Jones et al., 1998 Epiphyte 1933-18505 

Liparis condylobulbon 33.82 2.38 8.695 Suda Epiphyte 1984-3212 

Dendrobium crumenatum 24.89 1.61 1.3 Jones et al., 1998 Epiphyte 2002-2116 

Dendrobium lindleyi 28.09 2.20 1.2 Jones et al., 1998 Epiphyte 2004-3527 

Phragmipedium pearcei 42.36 2.62 6.33 Cox et al., 1996 Hemicr 1987-2715 

Phragmipedium caudatum 49.38 2.26 9.2 Cox et al., 1996 Hemicr 1986-2247 

Paphiopedilum wardii 72.41 3.84 34.5 Cox et al., 1996 Hemicr 1990-266 

Paphiopedilum exul 49.11 2.26 16.5 Hanson et al., 1999 Hemicr 1981-3284 

Paphiopedilum gratrixianum 51.00 3.07 25 Cox et al., 1996 Hemicr 2002-1341 

Paphiopedilum philippinense 53.31 2.74 23.25 Cox et al., 1996 Hemicr 1989-3410 

Paphiopedilum lowii 47.79 2.55 24.53 Hanson et al., 1999 Hemicr 1998-2146 

Paphiopedilum 
rothschildianum 57.52 2.65 22.6 Cox et al., 1996 Hemicr 1983-2788 

Paphiopedilum insigne 48.16 3.38 23.05 Cox et al., 1996 Hemicr 1983-5460 

Paphiopedilum druryi 52.77 1.72 26.75 Cox et al., 1996 Hemicr 1976-952 

Paphiopedilum adductum 49.68 2.05 27.03 Hanson et al., 1999 Hemicr 1992-3661 

Paphiopedilum haynaldianum 52.06 2.43 22.85 Hanson et al., 1999 Hemicr 1990-211 

Paphiopedilum 
lawrenceanum 64.20 2.71 26.13 Hanson et al., 1999 Hemicr 1990-256 

Paphiopedilum micranthum 60.39 3.30 22.78 Cox et al., 1996 Hemicr 1990-195 

Paphiopedilum primulinum 55.54 2.47 20.93 Cox et al., 1996 Hemicr 2002-3414 

Paphiopedilum villosum 44.07 2.18 22.48 Narayan et al., 1989 Hemicr 1981-1548 

Paphiopedilum sukhakulii 69.51 3.45 29.75 Cox et al., 1996 Hemicr 1981-3290 

Paphiopedilum delenatii 66.34 3.49 21.83 Cox et al., 1996 Hemicr 1998-2187 

Paphiopedilum concolor 68.96 2.81 19.48 Cox et al., 1996 Hemicr 1987-4004 

Paphiopedilum glanduliferum 52.25 2.44 23.75 Cox et al., 1996 Hemicr 1953-38501 

Paphiopedilum dianthum 47.55 2.92 35.9 Hanson et al., 1999 Hemicr 1990-215 

Paphiopedilum barbatum 69.63 3.04 33.75 Cox et al., 1996 Hemicr 2002-3417 

Dendrobium moschatum  28.98 1.54 4.65 Narayan et al., 1989 Epiphyte 1984-4674 

Dendrobium gouldii 34.80 1.87 1.05 Jones et al., 1998 Epiphyte 1982-2351 

Paphiopedilum exul 54.90 2.39 16.5 Hanson et al., 1999 Hemicr 1981-3284 

 

Appendix 6: Results of ANOVA for 71 orchid species with known genome size. 

 
Analysis of Variance 

 

Source          DF       SS      MS      F      P 

Regression       1   6977.4  6977.4  89.90  0.000 

Residual Error  69   5355.6    77.6 

Total           70  12333.0 
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Appendix 7: Table of raw data comparing specimens before and after drying 

 

Species 

Guard cell length in fresh 
specimen (µm) 
 

Guard cell length in 
dried specimen (µm) 
 

Mean +/- Mean +/- 

Phaius tankervilleae 42.05 3.08 39.65 2.81 

Calanthe tricarinata 42.96 2.69 43.92 2.76 

Barkeria lindleyana 28.42 1.70 30.6525 1.93 

Cattleya forbesii 29.76 1.65 35.441 2.44 

Laelia rubescens 41.67 2.12 40.992 2.21 

Bletilla striata 36.46 3.25 32.551 3.89 

Coelogyne flaccida 58.65 3.07 60.634 2.73 

Pholidota imbricata 31.52 2.93 33.977 2.69 

Pleione bulbocodioides 52.31 4.17 53.924 4.04 

Ada aurantiaca 34.19 2.09 34.221 2.07 

Ansellia africana 35.91 1.91 40.931 1.91 

Aspasia lunata 28.04 1.84 30.744 1.55 

Brassia verrucosa 39.56 2.04 48.434 2.44 

Cochlioda noezliana 23.05 1.68 29.158 2.80 

Cuitlauzina pendula 27.99 1.60 31.5675 1.64 

Helcia sanguinolenta 34.83 2.57 42.8525 2.71 

Lockhartia oerstedii 23.74 1.79 27.8465 2.82 

Miltonia regnelli 30.36 1.77 32.3605 1.80 

Odontoglossum wyattianum 29.86 1.90 29.9815 2.01 

Peristeria elata 32.06 2.36 32.757 3.18 

Rossioglossum grande 51.42 3.22 48.495 2.96 

Symphyglossum sanguineum 25.41 2.19 25.1625 2.25 

Trichoceros antennifer 40.26 3.85 41.968 3.85 

Trigonidium egertonianum 35.56 2.60 35.2275 2.37 

Aerides odorata 37.24 2.15 40.748 2.33 

Cleisostoma subulatum 27.97 1.65 27.267 1.76 

Doritis pulcherrima 28.25 2.61 29.7985 2.23 

Rhynchostylis retusa 46.91 2.77 57.0045 3.70 

Schoenorchis gemmata 35.20 2.46 34.892 2.08 

Smitinandia micrantha 28.08 2.40 32.0555 2.93 

Vanda coerulea 29.19 2.54 32.5435 3.47 

Vanilla pompona 32.12 2.28 35.807 3.21 

Vanilla planifolia 26.40 2.89 26.8705 2.26 

Phragmipedium longifolium 42.48 2.36 41.3275 2.79 

Oncidium marshallianum 27.76 1.41 30.4695 1.96 

Phalaenopsis amabilis 23.44 1.75 28.243 2.84 

Paphiopedilum appletonianum 64.90 3.31 63.867 3.63 

Dendrobium pulchellum 36.97 1.46 38.5825 3.67 

Bulbophyllum cocoinum 44.42 2.11 48.7085 2.43 

Liparis condylobulbon 33.82 2.38 32.7265 2.20 

 

Appendix 8: Table of raw data from sampling of dried Apostasia and Neuwiedia 

specimens 
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Species Mean 

guard cell 
length 
(µm) 

Standar
d 
deviatio
n guard 
cell 
length 

Origin Collector Collector'
s no. 

Collectio
n date 

A. elliptica 10.16 
1.00 

Borneo Poulsen, A.D. 89B 25/05/199
1 

A. latifolia 10.68 1.45 Malay Peninsula Scortechini 868 1888 

A. nuda 9.61 1.12 Burma Griffith, W. 100  

A. nuda 12.38 1.12 Malay Peninsula Robinson, H.C. 1913  

A. nuda 11.77 
1.22 

Borneo Perumal, B. & Dewol, S. 134994 09/07/199
4 

A. odorata 8.78 1.55 China Henry, A. 13738  

A. odorata 12.87 1.04 India n/k n/k  

A. odorata 9.79 
1.14 

Malay Peninsula Corner, E.J.H.  15/11/194
1 

A. wallichi 9.61 1.41 India Clarke, C.B.   

A. wallichi 10.31 
0.93 

India Cowan, J.M.  04/12/192
3 

A. wallichi 9.91 1.89 Burma Kerr, A.F.G. 11  

A. wallichi 11.96 
1.23 

Sri Lanka Waas, S. 1949 23/02/197
7 

N. borneensis 23.61 1.15 Sabah Lamb, A. & Lohok, H. 355/85  

N. borneensis 22.11 
2.30 

Brunei Forman, L.L. 1113 27/10/198
9 

N. borneensis 22.30 
2.01 

Indonesia Rachman, I. 15456 27/03/199
8 

N. elongata 24.13 
2.05 

Borneo Kostermans, A. 12988 13/09/195
6 

N. griffithii 20.25 
2.10 

Malay Peninsula Maingay, A.C. 10268 14/01/192
8 

N. griffithii 18.73 2.03 Sumatra Yates, H.S. 2258  

N. griffithii 23.85 1.75 Sumatra Bartlett, H.H. 6421  

N. veratrifolia 17.14 
2.15 

Malay Peninsula Henderson, M.R. 24054 16/10/193
0 

N. veratrifolia 21.69 
1.62 

New Guinea Streimann, N.G.F. 24478 28/04/197
2 

N. veratrifolia 21.84 
1.74 

Solomon Islands Dennis, G.F.C. 12 10/05/198
4 

N. zollingeri var. 
singapureana 

24.13 
1.59 

Malay Peninsula n/k 12154 Dec 1905 

N. zollingeri var. 
singapureana 

21.01 
1.55 

Indonesia Henderson, M.R. 20407 15/04/192
8 

N. zollingeri var. 
singapureana 

23.06 
1.92 

Thailand Kerr, A.F.G. 15940  

 

Appendix 9. Photographs of selected orchid stomata 

 
Phaius tankervilliae Calanthe tricarinata Barkeria lindleyana Cattleya forbesii 
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Laelia rubescens Coelogyne flaccida Pholidota imbricata Ada aurantiaca 

    
Ansellia Africana Aspasia lunata Brassia verrucosa Cochlioda noezliana 

    
Cuitlauzina pendula  Helcia sanguinolenta Lockhartia oerstedii Miltonia regnellii 

    
Aerides odorata Doritis pulcherrima Rhynchostylis retusa  Smitinandia micrantha  

    
Vanilla pompona Vanilla planifolia Phragmipedium 

longifolium 
Phalaenopsis amabilis 

    
Bulbophyllum cocoinum Apostasia odorata Apostasia odorata 

(enlarged) 
Neuwiedia veratrifolia 
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