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Abstract  
The traits associated with carnivory in plants have independently evolved within several orders 
of Angiosperm. Despite this lack of a common origin, carnivorous plants show many remarkably 
similar adaptations, suggesting that common evolutionary pressures may have shaped these 
species. Here, we hypothesize that one common trait carnivorous plants share is the number of 
genes associated with specific biological functions, such as nutrient transport. To test this 
hypothesis, we first identified genes and gene families in the model plant species Arabidopsis 
thaliana that are associated with previously characterized biological functions that may be 
important for plant carnivory. We then compared the number of these genes present in the 
genomes of carnivorous and non-carnivorous plants, respectively. Our results show that the 
aquaporin gene family is lost or reduced in carnivorous plants. Additionally, the results also 
indicate that gene families linked with cysteine-type peptidase, superoxide dismutase, 
phospholipase, and aspartic-type endopeptidase activity have contracted in size within 
carnivorous plants relative to non-carnivorous plants. These findings support our hypothesis that 
the copy number for genes involved in nutrient utilization has diverged between non-carnivorous 
and carnivorous plants, possibly due to adaptations to similar environmental circumstances in the 
latter group. 

Keywords: Carnivorous plants, convergent evolution, Arabidopsis thaliana, genes, 
aquaporin, Methylammonium transmembrane transporter activity, water channel activity, TIPs 
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INTRODUCTION 

Convergence in evolution occurs when unrelated species independently acquire identical 

characteristics, or analogous traits, in response to comparable environmental pressures (Doolittle, 

1994; Stern, 2013). Natural selection can independently generate similar morphological and 

physiological solutions in different taxa (Stern, 2013). This phenomenon, known as 

“homoplasy”, is the consequence of convergent evolution, whereby different species acquire 

biological structures and functions that appear identical to one another but do not share a 

common ancestry (Wake, 1991; Stayton, 2015). Convergent evolution is evident in carnivorous 

plant species, which have independently evolved methods of obtaining nutrients via prey capture 

rather than directly through their roots (Ellison et al., 2005). 

 

Unique Adaptations of Carnivorous Plants  

Carnivorous plants are a diverse, polyphyletic group that are limited to nutrient-deficient 

habitats (Albert et al., 1992; Hatcher et al., 2020). The 600+ species evolved within five distinct 

Angiosperm orders: Poales, Caryophyllales, Oxalidales, Ericales, and Lamiales (Givnish et al., 

2015; Ellison et al., 2019), with the majority of these being in the Caryophyllales and Lamiales.  

Plant carnivory is defined by an ability to detain insects and other organisms in the 

Kingdom Animalia, metabolically deconstructing and utilizing the resulting products (Hatcher et 

al., 2020). However, the unique mechanisms used to capture their prey are only one example of 

the morphological and physiological similarities that exist across carnivorous plants (Biswal et 

al., 2018). Another example of convergence in these plants occurs is their root systems. In most 

plant species, roots provide anchoring, water intake, nutritional uptake, and nutrient retention. 

On the other hand, most carnivorous plants are either hygrophytic (live in water or very moist 
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soils) or epiphytic (growing on or around other plants), and generally lack a strong structural root 

network (Adlassnig et al., 2005). Root systems are severely reduced in carnivorous plants like 

the Venus flytrap (Dionaea muscipula), making them poor competitors for soil resources 

(Brewer et al., 2003). In some cases, the roots of aquatic carnivorous plants such as the 

waterwheel (Aldrovanda vesiculosa), have entirely disappeared (Hedrich et al., 2021). In 

carnivorous plants, the stems and leaves take over the roles of nutrient acquisition, processing, 

and transport that were formerly performed by the roots (Adlassnig et al., 2005). 

Mechanisms of Prey-processing and Nutrient Transfer 

Carnivorous plants are often found in moist and acidic soils (Adamec et al., 1997). Such 

environments result in reduced organic decomposition rates by microorganisms, limiting the 

availability of nutrients (Rice, 2002). Nitrogen, phosphorus, and potassium are particularly 

scarce in these environments and this scarcity may select for carnivorous traits (Mithöfer, 2022; 

Ellison and Gotelli, 2001). Carnivory enables plants to absorb nutrients (directly or indirectly) 

from prey captured by traps (Adamec, 2013). The comparatively high levels of nitrogen and 

phosphorus that are present in prey tissue may be processed and utilized for growth and 

development in carnivorous plants (Adamec, 2008). For example, carnivorous plants can acquire 

10% to 80% of their total nitrogen from insects alone (Behie et al., 2013).  

The ability of carnivorous plants to break down and digest their prey is a distinct 

characteristic that enables these plants to obtain nutrients. Specialized enzymes are required for 

the digestion of prey that promote the absorption of nutrients upon capture. Genes that encode 

for digestive enzymes are not unique, but rather are closely aligned with ubiquitous gene families 

found across Angiosperms (Freund et al., 2022). These digestive enzymes are likely an 
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exaptation of pathogenesis-related proteins involved in plant defense against disease (Ravee et 

al., 2018). Exaptation is described as an adaptive characteristic that fulfills a purpose other than 

for what it originated (Gould and Vrba, 1982). Pathogenesis-related genes are frequently secreted 

proteins that impede fungal and bacterial growth, or function in lipid transfer and defense 

signaling mechanisms (Freund et al., 2022). Genes that were formerly used by plants to prevent 

bacterial or fungal infections may now be used to break down or digest prey in carnivorous 

plants. Such genes may have been co-opted to digest animal material for nutrient consumption as 

opposed to defense against pests. This route to carnivory may have been especially viable when 

such genes existed in multiple copies. 

Defense-related genes appear to have been repurposed for carnivorous digestive functions 

to arise. Among the gene families that enable functional digestion are peroxidase, serine-type 

carboxypeptidase, aspartic proteases, superoxide dismutase, chitinases, proteases, and lipases 

(Schulze et al., 2012). Peroxidase activity mechanisms break down compounds by utilizing H2O2 

(Fürstenberg-Hägg et al., 2013). Furthermore, serine-type carboxypeptidase activity works to 

catalyze functions of defense against herbivores and UV protection (Fraser et al., 2005). Serine-

type carboxypeptidase activity in carnivorous plants is associated with the digestion of prey by 

degrading proteins (Ravee et al., 2018). Aspartic proteases function to ferment and digest in 

acidic conditions found within the carnivorous plant traps (Kadek et al., 2014). Superoxide 

dismutase activity is the first line of defense against oxidative stress in plants (Das and 

Roychoudhury, 2014). Many modified enzymes like chitinase originated as antifungal proteases 

and lipases to aid in energy storage (Wheeler and Carstens, 2018). Other genes associated with 

prey digestion are endopeptidase inhibitors (Palfalvi et al., 2020).  



CHANGES IN GENE FAMILY SIZE 12 

In addition to prey digestion, the evolution of carnivory in plants also required novel 

strategies for nutrient transport. Changes in the expression of genes that code for nutrient 

transporters are fundamental to the ability of carnivorous plants to get nutrients from their 

modified leaf traps (Palfalvi et al., 2020). Nutrient transport genes are often found in the roots of 

normal plants, which are the major location through which the plant gets nutrients directly from 

the soil. Interestingly, in the digestive glands of carnivorous plants, the genes that encode for 

nutrient transporters are expressed only after prey has been caught, while expression in non-

carnivorous plant root tissues occurs more regularly (Palfalvi et al., 2020). In non-carnivorous 

plants, nitrogen enters the plant's roots, and aquaporin is a key transporter in water and nitrogen 

metabolism (Scherzer et al., 2013). Aquaporin belongs to the Major Intrinsic Protein superfamily 

which are membrane channel proteins that function to transport nutrients like nitrogen, and water 

for plants to utilize (Afzal et al., 2016). Of the aquaporin subfamily, TIPs (Tonoplast Intrinsic 

Proteins) transport and store molecules of water, hydrogen peroxide, and glycerol (Regon et al., 

2014). The permeability of ammonia or urea to tonoplast aquaporins helps TIPs store and 

remobilize nitrogen in the vacuoles (Maurel et al., 2015). Genes encoding amino acid 

transporters have been described in plants, such as Arabidopsis thaliana (Fischer et al., 1998). 

The use of knockout alleles has confirmed that in aquaporins, ammonium membrane transport 

proteins provide the major route of high-affinity ammonium influx in A. thaliana roots (Ludewig 

et al., 2007). Nutrient uptake is likely to depend on the presence or regulation of specific 

transporters. The principal source of nitrogen in typical plants is the uptake of charged 

ammonium ions (NH4+) (Loqué et al., 2004). Aquaporins are critical to water and nutrient 

homeostasis and play an important role in plant defenses against both abiotic and biotic systems 

of plant stress (Afzal et al., 2016). Thus, the flexibility of changes in root hydraulic conductivity 
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has been linked to the existence and function of aquaporins, which allow water to move across 

cellular membranes in response to osmotic or hydrostatic pressure gradients (Wang et al. 2019).  

In addition to aquaporins, the water channel transporters are transmembrane proteins that 

form channels to facilitate the rapid movement of water and other small metabolites in either 

direction of the plasma membrane (Kapilan et al., 2018). The aquaporin’s gating behavior is 

poorly understood, although there is accumulating evidence that phosphorylation, pH, and 

osmotic gradients may influence water channel function (Volkov et al., 2008). The abundance, or 

expansion, of the aquaporin gene family and water channel activity, is correlated to water flow 

across membranes through gene duplication events (Kapilan et al., 2018).  

 

The Evolution of Gene Copy Number 

One major route for organisms to evolve novel life history strategies is via the duplication 

and divergence of specific genes (Zhen et al., 2012). A gene family is several evolutionarily 

related genes that typically have similar biochemical functions (Demuth and Hahn, 2009; Hao et 

al., 2019; Ribas de Pouplana, 2020). Many genes may be classified into gene families based on 

their sequence similarities (Guo, 2013). In most instances, gene duplication of a single original 

gene results in the creation and expansion of a gene family. Alternatively, genes may be 

functionally inactivated and eventually lost, resulting in the contraction of a gene family (Hahn 

et al, 2005). Genes that are important for organismal functioning should be retained whereas 

genes that have lost their adaptive value may be lost (Wheeler and Carstens, 2018).  

Genes important for plant carnivory may be those related to the ability to sense, digest, 

and uptake nutrients from prey (Hedrich et al., 2018). Such genes may be represented in 

carnivorous plant genomes in multiple copies. Conversely, due to their reduced or absent 
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reliance on nutrient uptake from the soil, the number of genes important for nitrogen, potassium, 

calcium, iron, H2O transporter, or membrane channel proteins may be reduced (Morgan and 

Connolly, 2013). 

The expansion or contraction of gene families associated with nutrient processing may be 

a direct product of environmental stress. Examples of gene family expansion in carnivorous 

plants are an increased number of genes associated with alternative oxidase and ATP: ADP anti-

transporter to protect from oxidative stress as opposed to non-carnivorous plants (Wheeler and 

Carstens, 2018). Duplication events have additionally occurred in gene families associated with 

trap-specific cysteine proteases, which are critical in carnivorous plant digestion (Lan et al., 

2017). Contraction of gene families has been observed in the ubiquitin (UBQ) gene family, 

which is frequently engaged in stress responses, as well as genes involved in root growth 

(Palfalvi et al., 2020). Such losses may have adaptive value if the expression of such genes is 

energetically costly (Aardema et al., 2020). 

 

Hypotheses and Scope 

Observations of gene duplication or loss suggest that such genes were either important 

for the evolution of carnivory or had reduced importance with the emergence of carnivory. By 

comparing the number of genes in functional categories previously linked to carnivory, it may be 

feasible to learn more about the general patterns of evolution that led to plant carnivory. Because 

carnivorous plants developed in nutrient-deficient soils, it is likely that there is a relationship 

between nutrient utilization and the environmental conditions for carnivory to emerge. Here, we 

hypothesized that the aquaporin gene family will contract in the genomes of carnivorous plants 

due to a reduced ability/need to uptake nutrients from the substrate. We further postulated that 
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additional gene families involved in nutrient uptake of sodium ion transmembrane transporter 

activity, water channel activity, methyl ammonium transport, symplast, and ammonium transport 

will exhibit contraction in gene family size, relative to non-carnivorous plants because of new 

mechanisms of obtaining nutrients through prey. Finally, we predicted that genes involved in 

digestion will be present in greater numbers (gene family expansion) in carnivorous plants 

compared to non-carnivorous plants. To test these hypotheses, we employed gene annotations 

from A. thaliana, the best functionally studied plant species, to evaluate potential orthologues 

based on the number of genes found in the genomes of both carnivorous and non-carnivorous 

plant species. Annotated genes from A. thaliana may enable a better understanding of the 

functional genes and the mechanisms of contraction or expansion that are present in carnivorous 

plants. 

MATERIALS AND METHODS 

Identification of Carnivorous Datasets 

We used all publicly available carnivorous plant genome assemblies from the National 

Center for Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov) and the 

Biozentrum database (https://www.uni-wuerzburg.de/startseite/). Arabidopsis thaliana was 

chosen as the reference species for comparison against all taxa due to its high-quality genome 

assembly and annotation, as well as widespread knowledge of gene function in this species. The 

reference protein and transcript sequences were obtained from the website: 

www.arabidopsis.org. To identify phylogenetically related and well-annotated non-carnivorous 

control groups, we used the National Center for Biotechnology Information's Taxonomy 

Browser (Fig.1) (Schoch et al., 2020). The NCBI database was used to gather non-carnivorous 

taxon assemblies and sequences. We downloaded gene sequence data (amino acid sequences 
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annotated from assembled genomes) for seven carnivorous taxa and sixteen non-carnivorous taxa 

(Table 1). 

Gene Ontology (GO) designations or codes offer a framework for characterizing 

functional genes and gene products across all species (Ashburner et al., 2000). Wheeler and 

Carstens (2018) identified GO terms potentially associated with carnivory (Table 2). Six out of 

40 previously determined GO terms were not used in A. thaliana annotation. For these GO 

codes, we located synonymous GO terms using the AmiGO2 Gene Ontology Database 

(http://www.geneontology.org). The replacements made are detailed in the GO codes and GO 

term adjustments (Table 3). Next, we identified all genes in A. thaliana that were enriched for 

these GO terms using the file ATH_GO_GOSLIM.txt (Table 4). Genes could be enriched for 

more than one GO term. As we were predominantly concerned with comparing the relative 

number of genes associated with specific GO terms between carnivorous and non-carnivorous 

species, we did not control for differences in the number of genes enriched between GO terms. 

The amino acid sequences for each gene became our queries for the comparisons between our 

focal species. 

 

Data Processing and Analysis  

With the amino acid sequences from A. thaliana, we conducted local protein-to-protein 

comparisons (‘blastp’) for each species independently using the program BLAST v. 2.11 

(Altschul et al., 1990), with E-values set to 1e-10. With the resulting blast outputs, we 

determined the number of potential orthologues associated with each of the 40 GO terms (Table 

2) using a custom Perl script (Better_Blast2GO.pl). For each species, two separate filtering 

criteria for identifying likely orthologues associated with each GO term were applied. The first 
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criteria, designated as “lenient”, required accepted orthologous sequences to have at least 65% 

sequence similarity with the A. thaliana sequence and a match length of 100 amino acids. The 

second criterion, designated as “conservative”, required protein matches to have at least 75% 

sequence similarity and a length of 200 amino acids. For each species and GO term combination, 

the number of unique blast hits matching these criteria were totaled. Gene hits represent putative 

orthologous sequences associated with a specific GO term and may represent the number of 

genes found in a functional gene family. Although this did not allow for comparisons between 

GO terms (as there were different numbers of A. thaliana genes enriched for each term), it did 

allow us to compare the relative number of unique genes within a term present in the carnivorous 

and non-carnivorous genomes, respectively. 

With this data, we examined the relative genomic-level expansion or contraction of genes 

associated with specific GO terms that were previously identified as potentially important for a 

carnivorous lifestyle. Genes and gene families that are important for plant carnivory may be 

expanded in carnivorous taxa relative to non-carnivorous taxa. Conversely, genes and gene 

families that have reduced importance in carnivorous plants may be lost or reduced. By 

comparing the number of blast hits matching the above-described criteria for each of the 40 GO 

terms, it was possible to examine the relative contraction or expansion of gene groups across the 

examined species. Figure 2 provides a schematic representation of the analytical methodologies 

described above. 

To test the hypothesis that genes related to specific GO terms within carnivorous plants 

have contracted or expanded, we performed an independent two-sample t-test to compare the 

number of distinct blast matches between carnivorous and non-carnivorous species for each A. 

thaliana query sequence. This was accomplished using R-studio (Version 1.3.1073) (RStudio, 
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2015). We recorded the p-value, degrees of freedom, t-value, 95% confidence intervals, and 

mean values for both carnivorous and non-carnivorous groups in a table for each of the primary 

gene family categories. For the independent two-sample t-test, we evaluated the lenient and 

conservative filtering criteria separately. 

In statistical testing processes, unequal sample sizes can increase variation between two 

sample subjects and result in a loss of statistical power (Lopes et al., 2021). To partially account 

for the unequal number of samples in the carnivorous (n=7) and non-carnivorous groups (n=16), 

we employed a random subsampling method with replacement to generate datasets with a 

numerically equivalent number of samples. With these, we performed a two-sample t-test to 

compare the mean number of blast hits between carnivorous and non-carnivorous groups for 

each GO term. This subsampling was repeated 100 times for both the lenient and conservative 

datasets independently using a custom Perl script to randomly subsample the non-carnivorous 

group each time (‘subsample_t_test.pl’; Aardema, unpublished). From the 100 statistical 

replicates, the number of times that the difference between the carnivorous and non-carnivorous 

groups were statistically significant (at p<0.05) was recorded. This approach allowed us to 

compare the number of blast hits for GO terms identified in carnivorous and non-carnivorous 

groups respectively. In the final dataset table, GO term function, p-value, and subsampling 

replicate counts, for both lenient and conservative criteria were recorded. 

Comparative phylogenetic approaches investigate the connections between quantitative 

features, like gene family expansion or contraction, while accounting for the evolutionary 

histories of the focal taxa (Tolkoff et al., 2018). Specifically, the gene content of closely related 

species has a stronger tendency to be similar as a result of common evolution than randomly 

selected species (Touchman, 2010; Burns and Strauss, 2011). To account for differences in the 
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evolutionary distance between A. thaliana and the taxa examined here (Fig. 1), we performed a 

third series of analyses, excluding species from the Angiosperm orders Oxidales (Cephalotus 

follicularis), Malpighiales (Populus trichocarpa) and Fabales (Glycine soja). These species are 

in the subclass Rosidae (order Brassicales), as is A. thaliana. After species removal, we again 

performed independent t-tests, treating the lenient and conservative datasets separately. 

 

RESULTS  

The number of unique blast hits for each taxon and GO term combination are presented 

in Table 5 for the lenient filtering criteria and Table 6 for the conservative filtering criteria. Two-

sample t-tests were used to examine potential differences between carnivorous and non-

carnivorous plants for the number of potential orthologous genes associated with specific 

biological functions (represented by GO terms). A non-significant result in these tests indicated 

no statistically significant difference in the number of genes associated with a specific function 

between carnivorous and non-carnivorous plants. Conversely, a statistically different number of 

blast hits associated with a specific GO term supported the hypothesis that carnivorous plants 

have undergone changes (expansion or contraction) in these genes. 

The filtered number of blastp hits for the aquaporin gene family (GO code 24) in both the 

lenient (x̄=3.09, s=2.98) and conservative (x̄=5.30, s=4.36) datasets revealed that the 

carnivorous species have substantially fewer or no hits (Tables 5 and 6). The number of 

aquaporin hits from non-carnivorous taxa remained unchanged compared to the carnivorous taxa 

which had no gene hits, with none indicating any form of loss (Tables 5 and 6). Water channel 

activity in the conservative analysis revealed gene hits that exhibit considerable reduction in 

carnivorous plants compared to non-carnivorous plants (x̄=127.74, s=80.47). In the conservative 
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criteria data, a reduced number of gene matches of carnivorous plants present in the aspartic-type 

endopeptidase activity (x̄=11.83, s=15.70), phospholipase activity (x̄=3.30, s=2.58) and 

superoxide dismutase activity (x̄=3, s=3). In the lenient criteria data, a reduced number of gene 

matches of carnivorous plants are present in the aspartic-type endopeptidase (x̄=42.35, s=30.54), 

phospholipase (x̄=20.70, s=15.62), and superoxide dismutase activity (x̄=40.22, s=26.23). 

The subsampling analysis employed 100 sample replicates to assess the statistical 

significance of the resulting gene matches with replacement. In carnivorous species, the average 

number of aquaporins (GO code 24) appeared to be reduced in carnivorous taxa relative to non-

carnivorous taxa (Table 6). Larger replicate counts of >80 genes showed increased statistical 

significance between the samples and suggested means of genetic differences between 

carnivorous and non-carnivorous plants. Aquaporin (counts=88) and water channel activity 

(counts=82) supported the observation that replicates with more than 80 counts showed statistical 

significance in the conservative datasets (Fig. 3). In the lenient datasets, the GO terms that had 

greater than 80 replicate counts were aquaporin (counts=96), serine-type carboxypeptidase 

(counts=89), peroxidase (counts=95), and phospholipase activity (counts=89). The GO terms in 

the conservative dataset with >40 counts deemed to have some statistical significances were, 

aspartic-type endopeptidase (counts=49), phospholipase (counts= 45), superoxide dismutase 

(counts=45), and cysteine-type peptidase activity (counts= 43). The GO terms in the lenient 

dataset with >40 counts were superoxide dismutase (counts=63), lipid transport (counts=48), 

ammonium transmembrane transport (counts= 44), alternative oxidase (counts=47), ATPase 

(counts= 40), heat shock protein (counts=61), protein homodimerization (counts=60), cinnamyl-

alcohol dehydrogenase (counts=43), Glucan endo-1,3-beta-glucanase (counts=43), and 

ammonium membrane transport (counts= 54). All other GO terms with a replicate count of <40 
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were considered to have no statistical significance between carnivorous and non-carnivorous 

plants and indicated that there are no biological differences between the two. 

The results for the comparative phylogenetic control analysis are presented in Tables 7 

and 8 for the lenient and conservative criteria respectively. The number of gene hits for 

aquaporin remained decreased or lost in the lenient analysis, comparable to when the taxa were 

present in the previous analysis (x̄=4.90, s=4.36). The number of genes were reduced in 

comparison to the non-carnivorous taxa for water channel (x̄=278.60 s=130.98), phospholipase, 

(x̄=17.30, s=10.18), and superoxide activity (x̄=35.3 s=20.84). In the conservative analysis, the 

number of genes were additionally lost or reduced compared to the non-carnivorous taxa 

(x̄=2.60, s=2.82). Furthermore, water channel continued to exhibit signs of reduced size 

(x̄=116.5, s= 72.5), along with aspartic-type endopeptidase (x̄= 7.85, s=7.58), phospholipase 

(x̄=2.95, s=2.39) and superoxide dismutase activity (x̄=2.90, s= 3.08). 

DISCUSSION 

Carnivorous plants appeared to have a lower number of copies for genes associated with 

nutrient uptake and digestion compared to non-carnivorous plants. In particular, the aquaporin 

gene family appeared to have contracted significantly, based on our analyses with both the 

lenient and conservative datasets (Tables 5 and 6). In addition, while genes related to water 

channel activity remain present in carnivorous plants, there was evidence for gene copy 

reduction. Genes related to digestion such as aspartic-type endopeptidases, phospholipases, 

peroxidases, cysteine-type peptidases, and superoxide dismutases also showed indications of 

contraction. Other nutrient transporters like sodium ion transmembrane transporter, methyl 

ammonium transport, symplast, and ammonium transport did not show signs of contraction. The 
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contraction found in the number of genes related to nutrient intake revealed biological 

differences among carnivorous and non-carnivorous plants. 

 

Aquaporins and other water transporters 

Aquaporins mediate water transfer and utilization of nutrients like nitrogen (Forrest and 

Bhave, 2007). For example, types of aquaporins (like PIP1) may operate as transporters for tiny 

solutes/gasses, or they may require activation in the plant to function as water channels 

(Kaldenhoff and Fischer, 2006). Notably, the aquaporin gene family has contracted in 

carnivorous plants, which may be an adaptation to the reduced supply of nutrients found in the 

carnivorous plant environments. Most nutrient transporters and channel activities are found in 

plant roots; however, since carnivorous plants have significantly reduced or missing root 

systems, selection to maintain the functioning of these transporters may be relaxed, resulting in 

the inactivation and loss of aquaporin genes (Vatansever et al., 2017). The genes of A. thaliana 

that encode for aquaporin function include methylammonium transmembrane transporter activity 

(TIP2-3), whose major role is to carry nitrogen supply from the root to be used. These results 

suggest that carnivorous plants have undergone this loss owing to a lack of root systems and a 

necessity for nutrient absorption through roots. This is suggested because this transporter 

displays a reduced number of copies in carnivorous plants. Specific ecological conditions that 

resulted in these genes no longer being necessary for organismal fitness may explain aquaporin 

losses within carnivorous plants (Demuth and Hahn, 2009). However, several abiotic variables, 

including salt, low temperatures, wounding, and drought, also have been shown to influence the 

abundance of genes in the aquaporin gene family (Kapilan et al., 2018).  
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The number of genes for water channel activity, although remaining present, show signs 

of contraction in comparison to non-carnivorous plants. The differences in abundance for these 

genes are likely due to alterations in the nutrient utilization of the roots. To optimize access to 

water, the root system adapts to the pattern of water availability (Lind et al., 2021). Selection for 

the loss of some of the water channel transport genes is most likely caused by reduced or lost 

root systems in carnivorous plants. Aquaporins and water channel transport may be linked 

functionally, which may be why the water channel activity gene families show biological 

variations in gene counts when compared to non-carnivorous taxa. This suggests that any 

changes in the aquaporin gene family may be related to the importance of water channel 

function. A low abundance of aquaporins in soil stress, like limited nutrients, can reduce 

available water transport rates (Kapilan et al., 2018). The contraction of aquaporin-related gene 

families may have negotiated some form of selection response for water channel activity as a 

facilitated mode of nutrient and water transport. 

Other Gene families Suggesting Evolutionary Mechanisms at Play 

The results of this study indicate that the number of digestive enzymes, specifically 

cysteine-type peptidases, superoxide dismutase, phospholipases, and aspartic-type 

endopeptidases are reduced in carnivorous plants compared to non-carnivorous plants (Table 5).  

This result contradicts our hypothesis that carnivorous plant genes involved in digestion would 

expand. It is possible that some carnivorous species have evolved novel compounds for the 

purposes of prey digestion (Hatcher et al., 2020), as opposed to the co-option of genes important 

in plant defense. Combined with this novel gene evolution, carnivorous plants may have fewer 
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numbers of these genes due to a reduced pathogen burden in the habitats where they thrive 

(Miguel et al., 2019). 

Limitations of the study 

In our genomic analysis, we used publicly available genomic sequences of both 

carnivorous and non-carnivorous species. As additional sequencing data becomes available, one 

route to explore would be to include genomic sequences of new carnivorous plants. The 

inclusion of additional carnivorous plant taxa could allow for a more accurate understanding of 

patterns in gene family expansion or contraction. Additionally, more sequences of carnivorous 

plant data would allow a deeper understanding of how gene contraction or expansion events 

relate to carnivory.  

Furthermore, the implication of additional plant species that are in the same nutrient-poor 

environments can provide insight as to how selection can be favored for the carnivorous trait. 

The plants that do persist in the same environment as carnivorous plants suggest that adaptations 

for this lifestyle are not necessarily the only way to survive. There might be a selection of other 

gene families that do allow them to persist in such environments. Utilizing additional non-

carnivorous sequencing data would allow pinpointing how and why selection may lead to the 

carnivorous phenotype whereas others would not. This could accurately assess the idea that 

environmental stresses could lead to alterations or biological differences in genetics to survive 

and adapt through time. Moreover, it would identify which genes or gene families can potentially 

lead to the structure and function of the trapping mechanisms. 
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CONCLUSION 

In conclusion, when utilizing A. thaliana genes as a reference, gene families of 

carnivorous plants appear to have contracted in size when compared to other non-carnivorous 

plant taxa. One of the conditions that have enabled natural selection to favor carnivorous plants 

is a shortage of nutrients in the soil, which has resulted in the deletion of several genes essential 

for nutrient digestion and absorption. Overall, our hypothesis is supported by the substantial 

contraction of the aquaporin gene family. Other gene families involved in nutrient transport, such 

as water channel activity, did reduce, although not considerably. Gene families that code for 

proteolytic digestive enzymes, cysteine peptidases, superoxide dismutase, phospholipases, and 

aspartate endopeptidases, contracted as well in comparison to typical plants. Furthermore, we 

discovered that additional gene families involved in nutrient uptakes, such as sodium ion 

transmembrane transporter activity, methyl ammonium transport, symplast, and ammonium 

transport, did not show contraction or expansion in gene family size when compared to non-

carnivorous plants. Data mining and genomic analysis are useful ways to compare the number of 

genes in plants to determine whether functional groupings or gene families have contracted or 

expanded enabling carnivory in plants to occur.  
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Table 1. The taxonomic classification of Angiosperm species used based on Order. 
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Table 2. List of GO codes and gene-associated functions of carnivorous plants.  
Gene Ontology  term GO code Gene Ontology term GO code 

actin filament  GO:0005884 heat shock protein 
activity  

GO:00420
26;  
GO:00069
86; 
GO:00346
20 

alpha-galactosidase 
activity  

GO:0004557 lipase activity  GO:00162
98 

alternative oxidase activity  GO:0009916 lipid transport GO:00068
69 

ammonium transmembrane 
transport  
 

GO:0008519 
GO:0072488 

Aquaporin 
methylammonium 
transmembrane 
transporter activity  

GO:00152
00 

aspartic-type 
endopeptidase activity  

GO:0004190 peroxidase activity  GO:00046
01 

ATP:ADP antiporter 
activity  

GO:0005471 phosphatase activity  GO:00167
91 

ATPase activity   GO:0016887 phospholipase 
activity  

GO:00046
20 

beta-galactosidase activity  GO:0004565 polygalacturonase 
activity  

GO:00046
50 

Glucan endo-1,3-beta-
glucanase activity GO:0052861 polygalacturonase 

inhibitor activity  
GO:00903
53 

chitinase activity  GO:0004568 protein 
homodimerization 
activity  

GO:00428
03 

cinnamyl-alcohol 
dehydrogenase activity  

GO:0045551 ribonuclease activity  GO:00045
40 

cyclic-nucleotide 
phosphodiesterase activity  

GO:0004112 serine-type 
carboxypeptidase 
activity  

GO:00041
85 
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cysteine-type peptidase 
activity  

GO:0008234 Sodium ion 
transmembrane 
transporter activity 

GO:00150
81 

endonuclease activity   GO:0004519 superoxide 
dismutase activity  

GO:00047
84 

formate dehydrogenase 
complex  

GO:0009326 symplast  GO:00550
44 

fructose-bisphosphate 
aldolase activity  

GO:0004332 thioglucosidase 
activity  

GO:00191
37 

glucosidase activity  GO:0015926 water channel 
activity  

GO:00152
50 

glutathione transferase 
activity  

GO:0004364 Endo-1,4-beta-
xylanase activity 

GO:00311
76 
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Table 3. GO code and GO term alternatives were found for the reference Arabidopsis thaliana. 

GO Codes (Wheeler and Carstens, 2018 Alt. GO Codes  GO Term Description 

GO:1902687   glucosidase complex 

  GO:0015926 glucosidase activity  

GO:1905348   endonuclease complex 

  GO:0004519 endonuclease activity 

GO:0052736   beta-glucanase activity 

  GO:0052861 
glucan endo-1,3-beta-glucanase 
activity 

GO:0015264   
methylammonium channel 
activity 

  GO:0015843 methylammonium transport  

  GO:0015200 

methylammonium 
transmembrane transporter 
activity 

GO:0022816   
sodium ion transmembrane 
transporter activity 

  GO:0015081 
sodium ion transmembrane 
transporter activity 

GO:0097599   xylanase activity 

  GO:0031176 endo-1,4-beta-xylanase activity 
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Table 4. Genes in A. thaliana that correspond to the GO codes listed.   
GO Codes  Corresponding A. thaliana Genes  

GO:0004112 
 

AT4G18930 

GO:0004185 
 

AT1G11080, AT2G22960, AT3G10410, AT4G12910 AT1G15000, AT2G22970, AT3G10450, 
AT4G15100 AT1G28110, AT2G22980, AT3G12203, AT4G30610 AT1G33540, AT2G22990, 
AT3G12220, AT4G30810, AT1G43780, AT2G23000, AT3G12230, AT5G08260 AT1G61130, 
AT2G23010, AT3G12240, AT5G09640 AT1G73270, AT2G24000, AT3G17180, AT5G22960 
AT1G7328, AT2G24010, AT3G25420, AT5G22980 AT1G73290, AT2G27920, AT3G45010, 
AT5G23210 AT1G73300, AT2G33530, AT3G52000, AT5G36180 AT1G73310, AT2G35770, 
AT3G52010, AT5G42230 AT2G05850, AT2G35780, AT3G52020, AT5G42240 AT2G12480, 
AT3G02110, AT3G56540, AT2G22920, AT3G07990, AT3G63470 

GO:0004190 
 

AT1G01300, AT1G79720, AT3G51340, AT5G36260, AT1G01650, AT2G28010, AT3G51360, 
AT5G48430, AT1G03220, AT2G28030, AT3G54400, AT1G03230, AT2G28040, AT3G61820, 
AT1G05820, AT2G29900, AT4G30030, AT1G05840, AT2G36670, AT4G30040, AT1G08210, 
AT2G39710, AT4G33490, AT1G08700, AT2G42980, AT5G02190, AT1G25510, AT2G43070, 
AT5G07030, AT1G49050, AT3G12700, AT5G19100, AT1G63690, AT3G13235, AT5G19110, 
AT1G64830, AT3G25700, AT5G19120, AT1G65240, AT3G42550, AT5G22850, AT1G66180, 
AT3G51330, AT5G33340,   

GO:0004332 
 

AT2G01140. AT2G21330, AT2G36460, AT3G52930, AT4G26520, AT4G26530, AT4G38970, 
AT5G03690 

GO:0004364 
 

AT1G02920, AT1G59670, AT2G02390, AT3G43800 AT5G44990, AT1G02930, AT1G59700, 
AT2G02930, AT3G47680 AT5G45020 AT1G02940, AT1G65820, AT2G29420, AT3G55040 
AT5G62480 AT1G02950, AT1G69920, AT2G29440, AT3G62760, AT1G10360, AT1G69930, 
AT2G29450, AT4G02520, AT1G10370, AT1G74590, AT2G29460, AT4G19880, AT1G17170, 
AT1G75270, AT2G29470, AT5G02780, AT1G17180, AT1G77290, AT2G29480, AT5G02790, 
AT1G17190, AT1G78320, AT2G29490, AT5G16710, AT1G19570, AT1G78340, AT2G30860, 
AT5G17220,  AT1G27130, AT1G78360, AT2G30870, AT5G41210,  AT1G27140, 
AT1G78370, AT2G47730, AT5G41220,  AT1G49860, AT1G78380, AT3G03190, 
AT5G41240,  AT1G53680, AT2G02380, AT3G09270, AT5G44000,  

GO:0004519 
 

AT1G11190, AT4G21590, AT1G11290, AT4G21600, AT1G19100, AT4G24970, AT1G30460, 
AT4G30870 
AT1G59720, AT4G36280, AT1G65070, AT4G36290, AT1G68290, AT5G12220, AT2G15820, 
AT5G13130 AT2G17510, AT5G50780, AT2G21800, AT5G54090, AT2G22140, AT5G63420, 
AT2G41460, AT3G28030, AT4G21585,  

GO:0004540 
 

AT1G53850, AT2G02990, AT2G04270, AT2G17510, AT2G43190, AT3G04720, AT3G14290, 
AT4G25630, AT5G24360 

GO:0004557 
 

AT3G56310, AT5G08370 

GO:0004565 
 

AT1G31740, AT3G53080, AT1G45130, AT3G54440, AT1G72990, AT4G26140, AT1G77410, 
AT4G35010, AT2G04060, AT4G36360, AT2G04062, AT4G38590, AT2G16730, AT5G20710, 
AT2G28470, AT5G56870, AT2G32810, AT5G63800, AT3G13750, AT5G63810, AT3G49880, 
AT5G67540, AT3G52840, AT3G53050, AT3G53075,  

GO:0004568 
 

AT1G02360, AT4G01700, AT1G05850, AT4G19720, AT1G56680, AT4G19730, AT2G43570, 
AT4G19740, AT2G43580, AT4G19750, AT2G43590, AT4G19760, AT2G43600, AT4G19770, 
AT2G43610, AT4G19800, AT2G43620, AT4G19810, AT3G04720, AT4G19820, AT3G12500, 
AT5G24090, AT3G16920, AT3G47540, AT3G54420,  

GO:0004601 
 

AT1G05240, AT1G77490, AT3G06050, AT4G16270 AT5G22410, AT1G05250, AT2G22420, 
AT3G09640, AT4G21960 AT5G24070, AT1G05260, AT2G24800, AT3G11630, AT4G25980 
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AT5G39580, AT1G07890, AT2G25080, AT3G17070, AT4G26010 AT5G42180, AT1G14540, 
AT2G31570, AT3G21770, AT4G31760 AT5G51890, AT1G30870, AT2G34060, AT3G42570, 
AT4G31870 AT5G64100, AT1G34510, AT2G37130, AT3G49110, AT4G32320 AT5G64110, 
AT1G35720, AT2G39040, AT3G49120, AT4G33420 AT5G64120, AT1G44970, AT2G41480, 
AT3G50990, AT4G33870, AT1G63460, AT2G43350, AT3G63080, AT4G35000, AT1G65970, 
AT2G43480, AT4G08390, AT4G35970, AT1G71695, AT2G48150, AT4G09010, AT5G06290, 
AT1G73680, AT3G01190, AT4G11290, AT5G15180, AT1G77100, AT3G03670, AT4G11600, 
AT5G17820,  

GO:0004620 
 

AT1G05800, AT4G10030, AT1G06800, AT4G13550, AT1G30370, AT4G16820, AT1G31480, 
AT4G19860, AT1G51440, AT4G37050, AT1G61850, AT4G37060, AT2G15230, AT4G37070, 
AT2G26560, AT5G43590, AT2G30550, , AT2G31690, AT2G39220, AT2G44810, 
AT3G15730, AT3G54950,  

GO:0004650 
 

AT1G02460, AT1G65570, AT2G43870, AT3G48950 AT4G32375, AT1G02790, AT1G70500, 
AT2G43880, AT3G57510 AT4G32380, AT1G05650, AT1G78400, AT2G43890, AT3G57790 
AT4G33440, AT1G05660, AT1G80140, AT3G06770, AT3G59850 AT4G35670, AT1G10640, 
AT1G80170, AT3G07820, AT3G61490 AT5G14650, AT1G17150, AT2G15450, AT3G07830, 
AT3G62110 AT5G17200, AT1G19170, AT2G15460, AT3G07840, AT4G01890 AT5G27530, 
AT1G23460, AT2G15470, AT3G07850, AT4G13760 AT5G39910, AT1G43080, AT2G23900, 
AT3G07970, AT4G18180 AT5G41870, AT1G43090, AT2G26620, AT3G14040, AT4G20040 
AT5G44830, AT1G43100, AT2G33160, AT3G15720, AT4G20050 AT5G44840, AT1G48100, 
AT2G40310, AT3G16850, AT4G23500 AT5G48140 
AT1G56710, AT2G41850, AT3G26610, AT4G23820 AT5G49215, AT1G60590, AT2G43860, 
AT3G42950, AT4G32370,  

GO:0004784 
 

AT1G08830, AT1G12520, AT2G28190, AT3G10920, AT3G56350, AT4G25100, AT5G18100, 
AT5G23310, AT5G51100 

GO:0005471 
 

AT1G15500, AT1G80300, AT3G08580, AT4G28390, AT5G05310, AT5G13490, AT5G17400, 
AT5G56450 

GO:0005884 
 

AT1G03470, AT5G58320, AT1G58210, AT1G64500, AT2G04750, AT3G22790, AT3G57410, 
AT4G25590, AT4G26700, AT4G30160, AT5G11710, AT5G35700, AT5G48460, AT5G52360, 
AT5G55400,  

GO:0006869 
 

AT1G07747, AT2G14846, AT3G12545, AT3G51600 AT5G38180, AT1G19800, AT2G15050, 
AT3G18280, AT3G57310 AT5G38195, AT1G27950, AT2G15325, AT3G20320, AT3G59455 
AT5G38197, AT1G31812,, AT2G16592, AT3G22600, AT4G08670 AT5G50800, AT1G36150, 
AT2G16594, AT3G29152, AT4G12825 AT5G53470, AT1G43665, AT2G18370, AT3G43720, 
AT4G14815 AT5G59310, AT1G43666, AT2G37870, AT3G47730, AT4G25010 AT5G59320, 
AT1G43667, AT2G38540, AT3G47740, AT4G27780 AT5G59330, AT1G48750, AT2G41700, 
AT3G47750, AT4G33355 AT5G61690, AT1G64235, AT2G44290, AT3G47760, AT5G01870 
AT5G61700, AT1G65410, AT2G44300, AT3G47770, AT5G09370 AT5G61730, AT1G66850,, 
AT3G05420, AT3G47780, AT5G27630 AT5G61740, AT1G73780, AT3G08770, AT3G47790, 
AT5G38160 AT5G62065, AT2G13820, AT3G11670, AT3G51590, AT5G38170. AT5G64080 

GO:0006986 
 

AT3G10800 

GO:0008234 
 

AT1G03720, AT5G17140, AT1G37020, AT5G28235, AT1G47128, AT5G45570, AT1G55350, 
AT5G45890 
AT1G79340, AT5G60360, AT2G07200, AT2G07240, AT2G10625, AT3G48480, AT4G08430, 
AT4G15880, AT5G04200, AT5G05050, AT5G17080,  

GO:0008519 
 

AT1G64780, AT2G38290, AT3G16240, AT3G24290, AT3G24300, AT4G13510, AT4G28700, 
AT5G47450 

GO:0009326 
 

AT5G14780 
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GO:0009916 
 

AT1G32350, AT3G22360, AT3G22370, AT3G27620, AT4G05020, AT4G2226, AT5G64210 

GO:0015081 
 

AT1G08960, AT1G14660, AT1G54370, AT3G05030, AT3G06370, AT3G14070, AT4G10310, 
AT5G27150, AT5G55470 

GO:0015200 
 

AT3G16240, AT5G47450 

GO:0015250 
 

AT1G01620, AT2G45960, AT4G19030, AT1G17810, AT3G04090, AT4G23400, AT1G31880, 
AT3G06100, AT4G35100, AT1G52180, AT3G16240, AT5G18290, AT1G73190, AT3G26520, 
AT5G37810, AT1G80760, AT3G47440, AT5G37820, AT2G16850, AT3G53420, AT5G47450, 
AT2G25810, AT3G54820, AT5G60660, AT2G29870, AT3G61430, AT2G34390, AT4G00430, 
AT2G36830, AT4G01470, AT2G37170, AT4G10380, AT2G37180, AT4G17340, AT2G39010, 
AT4G18910,  

GO:0015843 
 

AT1G64780 
 

GO:0015926 
 

AT5G63840 
 

GO:0016298 
 

AT1G11090, AT1G58525, AT1G77420, AT3G55180 AT5G40990, AT1G18360, AT1G58725, 
AT2G26560, AT3G55190 AT5G55050, AT1G20120, AT1G59030, AT2G39220, AT3G62860 
AT5G63170, AT1G20130,, AT1G59406, AT2G39400, AT4G13550, AT1G20132, 
AT1G71120, AT2G39410, AT4G20670, AT1G20135, AT1G71250, AT2G39420, AT4G24160, 
AT1G23240, AT1G73480, AT2G47630, AT5G03810, AT1G23500, AT1G73610, AT3G14225, 
AT5G03820, AT1G52760, AT1G75880, AT3G14820, AT5G11650,  AT1G53920, 
AT1G75890, AT3G26430, AT5G14180, AT1G53940, AT1G75900, AT3G43550, AT5G14980, 
AT1G53970, AT1G75910, AT3G43570, AT5G15720, AT1G53990, AT1G75920, AT3G48090, 
AT5G16120, AT1G54030, AT1G75930, AT3G52430, AT5G19290,  

GO:0016791 
 

AT1G01610, AT2G34740, AT3G63320, AT4G33920 AT5G47760, AT1G02390, AT2G38110, 
AT3G63340, AT5G01270 AT5G57440, AT1G05000, AT2G39840, AT4G00400, AT5G02760 
AT5G59220, AT1G06520, AT2G41460, AT4G01950, AT5G04120 AT5G66080, AT1G07010, 
AT3G02800, AT4G11040, AT5G06090, AT1G08940, AT3G05170, AT4G15030, AT5G06750, 
AT1G17545, AT3G11325, AT4G18140, AT5G10460, AT1G17710, AT3G11410, AT4G21670, 
AT5G16480, AT1G18480, AT3G11430, AT4G25840, AT5G22620,  
AT1G73010, AT3G16800, AT4G26080, AT5G27930, AT1G79630, AT3G17790, AT4G27800, 
AT5G36250,  
AT2G14110, AT3G23360, AT4G28400, AT5G36700, AT2G32960, AT3G50520, AT4G29530, 
AT5G39400,  
AT2G33255, AT3G58830, AT4G32950, AT5G46410,  

GO:0016887 
 

AT1G01910, AT1G10680, AT1G30410, AT1G53750 AT1G73110 AT2G13610, AT2G28290, 
AT2G47000, AT3G12810 AT3G24530 AT3G28600, AT3G47790, AT3G55130, AT4G02480 
AT4G14700 AT4G27180, AT4G34720, AT5G03340, AT5G16930 AT5G28540 AT5G53010, 
AT5G61690, , AT1G01950, AT1G12430 AT1G30420 AT1G53780, AT1G73170, AT2G16510, 
AT2G28520 AT2G47800 AT3G13080, AT3G25620, AT3G28610, AT3G47950 AT3G56690 
AT4G04180, AT4G18050, AT4G27420, AT4G35520 AT5G03910 AT5G17730, AT5G39040, 
AT5G53350, AT5G61700 AT1G02520 AT1G16030, AT1G30580, AT1G54350 , AT1G74310 
AT2G18190 AT2G32120, AT3G01540, AT3G13090, AT3G27120 AT3G28860 AT3G48870, 
AT3G57300, AT4G04910, AT4G18480 AT4G27680 AT4G36280, AT5G06530, AT5G17740, 
AT5G40000 AT5G53540 AT5G61730, AT1G02530, AT1G17260, AT1G31770 AT1G55550 
AT1G75630, AT2G18193, AT2G34560, AT3G01610 AT3G13100 AT3G27610, AT3G29800, 
AT3G49650, AT3G59140 AT4G05190 AT4G19210, AT4G28000, AT4G36290, AT5G06670 
AT5G17750 AT5G40010, AT5G54670, AT5G61740, AT1G02890 AT1G17840 AT1G33290, 
AT1G56050, AT1G80350, AT2G18330 AT2G34660 AT3G03060, AT3G13640, AT3G28345, 
AT3G30875 AT3G50930 AT3G60160, AT4G05340, AT4G21270, AT4G28070, AT4G36580 
AT5G08470, AT5G17760, AT5G42020, AT5G55520 AT5G62670, AT1G03000, AT1G18550, 
AT1G33360, AT1G56410 AT1G80660 AT2G18960, AT2G36910, AT3G04080, AT3G15120 
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AT3G28360 AT3G42640, AT3G50940, AT3G60330, AT4G05380 AT4G24190 AT4G28620, 
AT4G37270, AT5G08680, AT5G18280 AT5G42270 AT5G56030, AT5G64840, AT1G04120, 
AT1G19100 AT1G43910 AT1G62130 , AT2G01120, AT2G21380, AT2G37010AT3G05530 
AT3G17360, AT3G28380, AT3G44050, AT3G52310 AT3G60970 AT4G09140, AT4G24710, 
AT4G28630, AT4G37910 AT5G08690 AT5G19410, AT5G43010, AT5G57350, AT5G65930 
AT1G04730 AT1G19910, AT1G45000, AT1G64110, AT2G01220 AT2G21410 AT2G37360, 
AT3G09440, AT3G19050, AT3G28390 AT3G45450 AT3G53230, AT3G62150, AT4G09730, 
AT4G24860 AT4G29040 AT4G38920, AT5G09590, AT5G19990, AT5G45930 AT5G57480 
AT5G66750, AT1G05910, AT1G20060, AT1G50140 AT1G64550 AT2G01320, AT2G24520, 
AT2G39350, AT3G09840 AT3G19740 AT3G28415, AT3G47730, AT3G53510, AT3G62700 
AT4G11730 AT4G24970, AT4G30190, AT4G39050, AT5G09930  AT5G23630 AT5G46540, 
AT5G57710, ATCG00120, AT1G07670 AT1G21690 AT1G51460, AT1G65070, AT2G03670, 
AT2G25140 AT2G39730 AT3G10350, AT3G20150, AT3G28510, AT3G47740 AT3G54540 
AT3G63480, AT4G12620, AT4G25450, AT4G30250 AT4G39080 AT5G11170, AT5G23910, 
AT5G49840, AT5G58270 ATCG00480, AT1G07810, AT1G21730, AT1G51500, AT1G65410 
AT2G07560 AT2G25170, AT2G40130, AT3G10420, AT3G21090 AT3G28520 AT3G47750, 
AT3G54870, AT4G00900, AT4G14150 AT4G25750 AT4G30490, AT4G39850, AT5G11200, 
AT5G24020 AT5G50780 AT5G58290, ATCG01280, AT1G09080, AT1G27940 AT1G51650 
AT1G67120, AT2G07680, AT2G25530, AT2G41700 AT3G10670 AT3G21250, AT3G28540, 
AT3G47760, AT3G55090 AT4G01820 AT4G14330, AT4G25835, AT4G32208, AT5G02370 
AT5G13130 AT5G27000, AT5G51070, AT5G60730, ATMG01190 AT1G09100 AT1G28010, 
AT1G53270, AT1G67940, AT2G07698 AT2G25610 AT2G45500, AT3G12020, AT3G23255, 
AT3G28570 AT3G47770 AT3G55100, AT4G01830, AT4G14670, AT4G25960 AT4G32530, 
AT5G02490, AT5G13580, AT5G27550, AT5G52860 AT5G60740, AT1G10130, AT1G30400, 
AT1G53390, AT1G70610 AT2G11890 AT2G27600, AT2G46620, AT3G12580, AT3G23670 
AT3G28580 AT3G47780, AT3G55110, AT4G02460, AT4G14675 AT4G26660 AT4G33460, 
AT5G02500, AT5G15450, AT5G27950 AT5G52882 AT5G60790, , 

GO:0019137 AT1G47600, AT1G51470, AT2G44490, AT3G09260, AT5G25980, AT5G26000, AT5G48375 

GO:0031176 AT1G10050, AT1G58370, AT2G14690, AT4G00890, AT4G08160, AT4G33810, AT4G33820 

GO:0034620 AT1G09080, AT5G28540, AT1G16030, AT5G42020, AT1G56410, AT5G62390, AT2G26150, 
AT2G32120, AT3G09440, AT3G12580, AT4G02690, AT4G14730, AT4G32208, AT4G37910, 
AT5G02490, AT5G02500, AT5G09590,  

GO:0042026 AT1G09080, AT3G13470, AT5G42020, AT1G16030, AT3G13860, AT5G48030, AT1G26230, 
AT3G17830, AT5G56500, AT1G28210, AT3G23990, AT5G59610, AT1G55490, AT4G32208, 
AT1G56410, AT4G37910, AT1G80030, AT4G39960, AT2G22360, AT5G02490, AT2G25140, 
AT5G02500, AT2G28000, AT5G09590, AT2G32120, AT5G15450, AT2G33210, AT5G18140, 
AT3G09440, AT5G18820, AT3G12580, AT5G28540,  

GO:0042803 AT1G01360, AT1G13980, AT1G45474, AT1G74660 AT2G19570 AT2G35940, AT2G47220, 
AT3G13290, AT3G49250 AT3G63480 AT4G18880, AT4G27920, AT5G06200, AT5G18830 
AT5G45870 AT5G61850, AT1G01510, AT1G14440, AT1G49950 AT1G75240 AT2G21240, 
AT2G36100, AT2G47430, AT3G13300 AT3G49850 AT4G00570, AT4G19003, AT4G30260, 
AT5G06839 AT5G24020 AT5G46790, AT5G62380, AT1G01760, AT1G14687 AT1G51800 
AT1G77120, AT2G21280, AT2G37630, AT3G01470 AT3G13672 AT3G50870, AT4G00650, 
AT4G23690, AT4G30790 AT5G10150 AT5G24800, AT5G47850, AT5G63570, AT1G02280 
AT1G15750 AT1G55250, AT1G80560 , AT2G24630 AT2G37678, AT3G01670 AT3G15000 
AT3G50890, AT4G01026, AT4G24540, AT4G31590 AT5G10870 AT5G27380, AT5G48840, 
AT5G63860 
AT1G03475, AT1G17455, AT1G62360, AT2G02540, AT2G26040, AT2G38310, AT3G01680, 
AT3G21630, AT3G51960, AT4G02500, AT4G24660, AT4G34710, AT5G11950, AT5G35840, 
AT5G49020, AT5G65310 
AT1G04400, AT1G17840, AT1G67930, AT2G03220, AT2G27230, AT2G38700, AT3G03890, 
AT3G26400, AT3G54220, AT4G07960, AT4G24840, AT4G35540, AT5G11980, AT5G37740, 
AT5G50210, AT5G65410 
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AT1G05577, AT1G18835, AT1G68880, AT2G04030, AT2G27370, AT2G39180, AT3G06483, 
AT3G28180, AT3G55950, AT4G08920, AT4G25530, AT4G35630, AT5G12330, AT5G38530, 
AT5G50960, AT5G65930 
AT1G08060, AT1G19100, AT1G69370, AT2G06255, AT2G28150, AT2G40080, AT3G06930, 
AT3G28917, AT3G57230, AT4G14180, AT4G26455, AT4G38710, AT5G13220, AT5G39610, 
AT5G53160, AT5G67580 
AT1G08320, AT1G26110, AT1G69600, AT2G13560, AT2G28900, AT2G40330, AT3G06960, 
AT3G28920, AT3G58840, AT4G16160, AT4G26670, AT4G38900, AT5G13570, AT5G39760, 
AT5G54770, ATOEP16-2 
AT1G08370, AT1G26540, AT1G71930, AT2G15290, AT2G29950, AT2G42210, AT3G07330, 
AT3G29200, AT3G59420, AT4G16250, AT4G26740, AT4G39400, AT5G13790, AT5G40610, 
AT5G55200, ATOEP16-4 
AT1G09570, AT1G30970, AT1G72630, AT2G16500, AT2G33430, AT2G42870, AT3G07780, 
AT3G30530, AT3G61600, AT4G16780, AT4G26750, AT5G01410, AT5G15210, AT5G42520, 
AT5G56210, AT1G11430, AT1G32580, AT1G73000, AT2G18350, AT2G33550, AT2G44950, 
AT3G09260, AT3G46110, AT3G61950, AT4G17870, AT4G26780, AT5G02200, AT5G15290, 
AT5G42780, AT5G57590, AT1G13020, AT1G35720, AT1G73430, AT2G18790, AT2G33580, 
AT2G46260, AT3G09780, AT3G48090, AT3G62300, AT4G18130, AT4G26820, AT5G03150, 
AT5G17710, AT5G45330, AT5G59790, AT1G13600, AT1G36390, AT1G74230, AT2G18840, 
AT2G35240, AT2G46810, AT3G11550, AT3G48730, AT3G62880, AT4G18620, AT4G27420, 
AT5G03680, AT5G17800, AT5G45860, AT5G60480,  

GO:0045551 
 

AT1G30760, AT1G72680, AT2G21730, AT2G21890, AT2G34790, AT3G19450, AT4G27250, 
AT4G34230, AT4G37970, AT4G37980, AT4G37990, AT4G39330 

GO:0052861 
 

AT1G18310, AT1G64760, AT5G15870 

GO:0055044 
 

AT3G15380 

GO:0072488 
 

AT1G64780, AT2G38290, AT3G24290, AT3G24300, AT4G13510, AT4G28700 

GO:0090353 
 

AT5G06860, AT5G06870 
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Table 5. The lenient number of genes matching the annotated GO codes from A. thaliana, for 
each taxon is reported. 

G
o C

ode D
efinition  

G
O

 C
ode Label 

G
O

 C
ode 

Cephalotus follicularis  

Aldrovanda vesiculosa  

D
ionaea m

uscipula  

D
rosera spatulata  

U
tricularia reniform

is 

U
tricularia gibba 

G
enlisea aurea  

Beta vulgaris 

Populus trichocarpa 

D
orcoceras 

hygrom
etricum

 

Erythranthe guttata 

G
lycine soja 

O
lea europaea 

Phtheirosperm
um

 
japonicum

 

O
ryza sativa  

Coffea canephora  

Sesam
um

 indicum
 

Spinacia oleracea  

Striga asiatica 

Solanum
 lycopersicum

 

Salvia splendens  

H
androanthus 

im
petiginosus 

Chenopodium
 quinoa 

cyclic-
nucleo

tide 
phosph
odieste

rase 
activit

y 

1 

GO:
0004
112  

0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Serine-
type 

carbox
ypepti
dase 

activit
y  

2 

GO:
0004
185  

3
8 

1
9 

2
7 

3
1 

2
7 

2
1 

2
9 

4
0 

6
6 

3
4 

4
6 

1
4
9 

9
3 

5
3 

2
1 

4
0 

5
8 

3
4 

4
6 

6
5 

6
6 

6
4 

1
0
1 

Aspart
ic-type 
endope
ptidase 
activit

y  

3 

GO:
0004
190  

3
2 

4
6 

2
3 

2
2 

2
7 

1
6 

3
2 

3
3 

1
2
4 

1
9 

3
8 

1
3
1 

6
8 

2
1 

1
5 

3
3 

5
2 

1
7 

2
4 

5
8 

4
8 

4
3 

5
2 

Fructo
se-

bispho
sphate 
aldolas

e 
activit

y  

4 

GO:
0004
332  

4
2 

1
1
6 

6
3 

6
2 

3
9 

9
3 

5
2 

7
2 

9
0 

3
3 

5
4 

1
4
7 

9
0 

6
9 

7
2 

6
3 

7
5 

5
4 

7
8 

7
1 

1
5
0 

8
0 

1
0
4 

Glutat
hione 
transfe

rase 
activit

y  

5 

GO:
0004
364  

7
9 

1
8 

3
8 

2
4 

1
3 

1
1 

1
6 

3
8 

9
9 

3
1 

2
0 

1
6
6 

3
9 

2
0 

6 6
5 

5
5 

4
6 

2
5 

8
7 

3
0 

2
4 

1
4
8 

Endon
ucleas

e 
activit

y 

6 

GO:
0004
519  

2
5 

7 5 6 1
4 

1
2 

1
3 

9 2
6 

8 1
2 

4
0 

2
0 

1
8 

2 1
1 

2
4 

1
2 

1
3 

2
2 

1
3 

1
8 

2
4 

Ribon
ucleas

e 
activit

y  

7 

GO:
0004
540  

3
1 

1
0 

8 1
0 

1
1 

6 1
0 

1
2 

3
0 

7 2
1 

9
3 

2
6 

2
4 

9 1
1 

2
1 

1
3 

1
5 

3
0 

2
2 

1
6 

3
5 

Alpha-
galacto
sidase 

8 
GO:
0004
557 

5 6 9 6 1
4 

2
0 

1
0 

6 1
2 

3 4 1
7 

1
7 

1
3 

6 6 1
5 

8 3 8 1
5 

9 1
3 



CHANGES IN GENE FAMILY SIZE  43 
 

activit
y  

Beta-
galacto
sidase 
activit

y  

9 

GO:
0004
565  

6
7 

1
2
1 

8
8 

5
7 

9
8 

5
6 

1
0
5 

6
9 

1
4
7 

5
0 

1
4
7 

2
5
3 

1
2
2 

1
2
5 

2
6 

1
1
9 

1
2
2 

7
5 

6
3 

1
2
7 

2
4
0 

9
8 

1
3
2 

Chitin
ase 

activit
y  

1
0 

GO:
0004
568  

1
6 

1
6 

8 6 1
4 

5 5 7 3
3 

1
1 

2
2 

3
6 

3
2 

7 2
1 

1
0 

1
5 

8 9 2
0 

3
2 

1
9 

1
5 

Peroxi
dase 

activit
y  

1
1 

GO:
0004
601  

1
0
6 

1
0
0 

6
3 

6
8 

1
0
0 

8
6 

6
9 

1
4
6 

1
7
8 

7
0 

1
2
2 

2
3
8 

2
5
9 

1
2
9 

9
5 

1
3
1 

1
5
7 

1
0
1 

1
0
5 

1
8
0 

1
9
7 

1
2
9 

2
0
3 

Phosp
holipas

e 
activit

y  

1
2 

GO:
0004
620  

2
3 

8 8 6 8 2 6 2
0 

7
6 

1
1 

2
3 

3
1 

3
9 

2
0 

7 2
6 

2
5 

1
4 

1
6 

2
4 

2
5 

3
3 

2
5 

Polyga
lacturo
nase 

activit
y  

1
3 

GO:
0004
650  

4
6 

2
4 

1
8 

1
8 

2
4 

3
4 

2
3 

2
2 

1
3
9 

2
7 

3
2 

2
1
5 

5
8 

5
8 

7 3
6 

5
3 

2
9 

2
7 

6
4 

5
3 

1
8 

5
1 

Supero
xide 

dismut
ase 

activit
y  

1
4 

GO:
0004
784  

2
7 

1
6 

2
4 

2
3 

1
6 

2
4 

1
9 

3
3 

9
5 

2
2 

4
1 

9
7 

7
2 

2
3 

1
9 

2
7 

3
7 

5
1 

2
6 

5
2 

3
6 

4
6 

9
9 

ATP:A
DP 

antipor
ter 

activit
y  

1
5 

GO:
0005
471  

4
7 

4
5 

2
8 

1
8 

1
7 

2
6 

1
6 

2
1 

1
2
8 

2
8 

4
3 

1
0
7 

7
2 

4
6 

1
7 

3
5 

3
8 

1
2 

4
1 

5
0 

9
1 

4
1 

4
5 

Actin 
filame

nt  

1
6 

GO:
0005
884  

8
0 

1
2
7 

7
6 

5
9 

9
4 

7
3 

6
4 

1
0
7 

1
8
5 

6
3 

1
0
9 

5
8
4 

2
9
1 

1
0
7 

4
1 

6
2 

1
0
7 

1
0
6 

9
2 

1
9
5 

2
0
2 

5
3 

1
9
3 

Lipid 
transp

ort 

1
7 

GO:
0006
869  

4
4 

3
0 

1
9 

1
6 

2
0 

2
0 

2
2 

4
0 

8
6 

2
6 

4
3 

1
5
0 

6
4 

2
7 

9 3
1 

8
7 

4
4 

4
1 

4
0 

4
2 

3
6 

9
6 

respon
se to 
unfold
ed 
protein 

1
8 

GO:
0006
986  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cystei
ne-
type 

peptid
ase 

activit
y  

1
9 

GO:
0008
234  

1
2 

2
3 

1
1 

1
0 

2
2 

1
1 

1
1 

1
1 

5
0 

1
0 

2
6 

2
5 

3
5 

1
7 

9 1
3 

2
2 

1
1 

1
8 

2
8 

3
8 

1
6 

2
2 

Ammo
nium 

transm
embra

ne 

2
0 

GO:
0008
519  

2
0 

3
1 

1
5 

2
1 

2
5 

3
4 

1
1 

3
1 

5
2 

1
8 

3
9 

4
5 

4
5 

2
3 

3
2 

2
8 

3
5 

2
6 

1
7 

2
7 

6
4 

3
4 

6
0 
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transp
ort  

Format
e 

dehydr
ogenas

e 
compl

ex  

2
1 

GO:
0009
326  

6 3 6 6 3 3 3 3 6 3 3 1
8 

3 3 6 6 6 3 3 3 9 3 6 

Altern
ative 

oxidas
e 

activit
y  

2
2 

GO:
0009
916  

2
0 

2
0 

2
1 

2
1 

1
2 

1
8 

9 1
4 

3
0 

1
1 

2
1 

2
8 

5
1 

1
9 

2
3 

2
0 

3
1 

2
3 

2
6 

2
5 

4
7 

2
8 

4
1 

Sodiu
m ion 
transm
embra

ne 
transp
orter 

activit
y 

2
3 

GO:
0015
081  

5
1 

1
9 

9 1
2 

3 2
0 

2
6 

1
3 

1
2
2 

2
3 

3
0 

6
3 

1
8
9 

2
8 

2
7 

3
7 

4
7 

2
5 

3
8 

7
6 

4
7 

2
5 

2
8 

Aquap
orin, 

Methyl
ammo
nium 

transm
embra

ne 
transp
orter 

activit
y 

2
4 

GO:
0015
200  

4 0 0 0 2 2 2 4 8 2 7 1
2 

1
1 

4 6 4 6 4 2 8 1
8 

8 8 

water 
channe

l 
activit

y  

2
5 

GO:
0015
250  

2
3
0 

3
0
8 

1
7
7 

1
7
0 

2
4
9 

1
6
3 

1
2
6 

1
8
7 

3
8
9 

2
4
0 

2
3
0 

6
3
2 

5
3
0 

3
3
5 

2
1
4 

1
7
7 

2
9
9 

2
2
2 

2
8
8 

3
1
3 

6
7
9 

3
5
8 

3
0
7 

methyl
ammo
nium 
transp

ort 

2
6 

GO:
0015
843  

3 5 3 3 3 6 1 5 6 2 6 5 5 3 3 4 5 4 3 3 8 4 9 

Glucos
idase 
activit

y 

2
7 

GO:
0015
926  

2 4 2 2 2 4 2 2 4 2 6 2 4 2 2 4 2 2 2 2 4 0 4 

lipase 
activit

y  

2
8 

GO:
0016
298  

4
9 

1
8 

1
5 

1
0 

2
3 

2
2 

1
0 

3
3 

8
1 

2
2 

3
4 

7
6 

6
2 

2
8 

7 3
9 

3
6 

2
4 

2
3 

3
2 

3
3 

4
1 

4
9 

phosph
atase 
activit

y  

2
9 

GO:
0016
791  

6
9 

7
4 

5
8 

4
8 

5
9 

5
3 

5
6 

7
7 

2
1
5 

5
7 

9
9 

2
5
2 

2
9
5 

6
9 

5
4 

7
0 

1
2
1 

9
4 

5
9 

1
2
0 

1
5
3 

8
1 

1
9
2 

ATPas
e 

3
0 

GO:
0016
887  

1
4

1
5

8
6
2 

8
8
2 

9
7
0 

9
0
3 

7
9
1 

1
2

3
0

1
0

1
4

3
1

2
3

1
4

9
4
1 

9
9
1 

1
7

1
2

1
1

1
5

2
5

1
2

2
5
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activit
y   

8
3 

7
1 

7
6 

0
3 

4
8 

1
9 

9
8 

9
4 

0
0 

6
7 

4
1 

5
4 

1
4 

7
4 

0
9 

6
4 

thioglu
cosida
se 
activit
y 

3
1 

GO:
0019
137  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Endo-
1,4-
beta-

xylana
se 

activit
y 

3
2 

GO:
0031
176  

4 4 4 4 2 0 0 1
6 

1
0 

2 2 3
2 

8 2 0 4 2 8 0 1
0 

0 7 2
0 

heat 
shock 
protein 
activit

y  

3
3 

GO:
0034
620  

7
9 

1
6
0 

1
0
1 

1
1
8 

1
1
9 

1
5
4 

1
0
4 

1
3
9 

2
1
0 

1
4
5 

1
6
5 

3
9
6 

2
0
7 

1
5
6 

1
6
1 

1
3
8 

1
3
8 

1
5
7 

2
1
8 

1
6
1 

7
2 

1
3
2 

3
4
5 

heat 
shock 
protein 
activit

y  

3
4 

GO:
0042
026  

1
3
2 

2
3
5 

1
7
6 

1
6
1 

1
5
9 

2
0
7 

1
3
9 

2
2
1 

3
4
7 

2
5
3 

2
1
8 

5
3
9 

3
1
0 

2
2
3 

2
0
6 

2
0
2 

1
9
5 

2
2
6 

2
6
7 

2
6
8 

1
8
0 

2
0
3 

5
2
3 

protein 
homod
imeriz
ation 
activit

y  

3
5 

GO:
0042
803  

3
1
7 

2
9
1 

1
7
7 

1
7
4 

2
3
8 

2
4
8 

1
9
5 

2
9
9 

6
8
2 

2
1
8 

3
4
0 

9
8
3 

6
9
4 

3
1
5 

2
2
2 

2
5
2 

5
6
8 

2
9
3 

2
4
6 

4
4
5 

5
9
8 

3
5
4 

5
2
0 

cinna
myl-

alcoho
l 

dehydr
ogenas

e 
activit

y  

3
6 

GO:
0045
551  

3
8 

8 1
0 

9 2
7 

1
6 

1
4 

1
7 

7
7 

1
8 

2
4 

6
0 

5
9 

3
1 

7 5
3 

3
7 

2
1 

2
0 

3
0 

9
7 

3
5 

4
5 

Glucan 
endo-
1,3-
beta-

glucan
ase 

activit
y 

3
7 

GO:
0052
861  

5 2 3 4 0 2 3 6 6 3 3 8 3 3 4 3 3 7 4 5 1
0 

3 8 

sympla
st  

3
8 

GO:
0055
044  

1 2 1 1 1 1 1 1 1 1 1 4 3 1 2 2 1 1 2 1 3 0 4 

Ammo
nium 

transm
embra

ne 
transp

ort  

3
9 

GO:
0072
488  

1
6 

3
1 

1
5 

2
1 

2
3 

2 9 2
7 

4
4 

1
6 

3
2 

3
3 

3
4 

1
9 

2
6 

2
4 

2
9 

2
2 

1
5 

1
9 

4
6 

2
6 

5
2 

polyga
lacturo
nase 

inhibit

4
0 

GO:
0090
353  

0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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or 

activit
y 
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Table 6.  The conservative number of genes matching the annotated GO codes from A. thaliana, 
for each taxon is reported.  

G
o C

ode D
efinition 

G
O

 C
ode Label  

G
O

 C
ode  

Cephalotus follicularis 

Aldrovanda vesiculosa 

D
ionaea m

uscipula  

D
rosera spatulata 

U
tricularia reniform

is 

U
tricularia gibba 

G
enlisea aurea 

Beta vulgaris  

Populus trichocarpa 
D

orcoceras hygrom
etricum

 
Erythranthe guttata  

G
lycine soja 

O
lea europaea  

Phtheirosperm
um

 japonicum
 

O
ryza sativa 

Coffea canephora 
Sesam

um
 indicum

 
Spinacia oleracea 

Striga asiatica  

Solanum
 lycopersicum

 
Salvia splendens 

H
androanthus im

petiginosus 

Chenopodium
 quinoa 

cyclic-
nucleotid

e 
phospho
diesteras
e activity 

1 G
O
:
0
0
0
4
1
1
2  
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Serine-
type 

carboxyp
eptidase 
activity  

2 G
O
:
0
0
0
4
1
8
5  

7 0 8 5 5 4 0 7 2
3 

3 8 1
7 

8 7 2 3 9 4 2 9 6 7 1
5 

Aspartic-
type 

endopept
idase 

activity  

3 G
O
:
0
0
0
4
1
9
0  

5 4 0 2 0 1 0 8 6
6 

1
1 

1
5 

4
4 

9 5 0 1
4 

2
2 

2 1
3 

1
6 

6 2
5 

4 

Fructose
-

bisphosp
hate 

aldolase 
activity  

4 G
O
:
0
0
0
4
3
3
2  

3
4 

80 5
3 

53 48 7
4 

4
2 

4
0 

6
4 

2
3 

4
2 

1
1
8 

6
9 

5
4 

5
4 

5
1 

5
8 

3
8 

5
9 

5
7 

1
1
1 

5
3 

7
8 

Glutathi
one 

5 G
O

8 1 0 0 1 4 2 4 1
3 

3 4 3
5 

5 3 0 4 1
0 

2 4 1
1 

3 4 1
2 
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transfera
se 

activity  

:
0
0
0
4
3
6
4  

Endonuc
lease 

activity 

6 G
O
:
0
0
0
4
5
1
9  

4 1 2 3 1 1 0 2 2 1 2 1
8 

4 2 0 3 2 2 2 3 2 6 6 

Ribonucl
ease 

activity  

7 G
O
:
0
0
0
4
5
4
0  

1
1 

9 7 6 12 5 4 1
0 

1
1 

6 1
1 

3
7 

1
4 

6 3 5 9 6 1
3 

1
0 

1
2 

7 2
6 

Alpha-
galactosi

dase 
activity  

8 G
O
:
0
0
0
4
5
5
7 

2 2 2 1 2 0 1 0 5 0 2 0 4 3 0 2 1 4 0 0 1 4 4 

Beta-
galactosi

dase 
activity  

9 G
O
:
0
0
0
4
5
6
5  

8 7 2 2 3 0 1
2 

1 1
3 

3 5 2
4 

1
3 

1
0 

0 3 8 1 1 5 1
4 

8 2 

Chitinas
e activity  

1
0 

G
O
:
0
0
0
4
5
6
8  

5 2 2 2 8 0 0 0 4 2 0 1
0 

1
2 

0 0 0 1 0 2 1 4 7 0 

Peroxida
se 

activity  

1
1 

G
O
:
0

3
4 

44 2
9 

32 47 1
2 

1
9 

3
9 

5
9 

1
7 

5
6 

6
7 

5
7 

3
2 

4
0 

2
7 

5
8 

2
5 

3
6 

4
9 

5
6 

3
4 

6
6 
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0
0
4
6
0
1  

Phospho
lipase 

activity  

1
2 

G
O
:
0
0
0
4
6
2
0  

3 1 1 1 2 2 1 1 5 2 4 9 1
1 

4 2 3 3 2 2 7 3 3 4 

Polygala
cturonas
e activity  

1
3 

G
O
:
0
0
0
4
6
5
0  

5 0 0 0 0 2 1 0 4 3 3 5 4 3 0 1 1 0 0 0 2 0 0 

Superoxi
de 

dismutas
e activity  

1
4 

G
O
:
0
0
0
4
7
8
4  

2 0 1 0 0 0 4 3 7 0 3 2 9 1 1 4 5 2 0 6 2 9 8 

ATP:AD
P 

antiporte
r activity  

1
5 

G
O
:
0
0
0
5
4
7
1  

1
9 

33 2
0 

6 7 1
1 

9 1
0 

9
7 

2
2 

2
0 

6
8 

1
7 

1
6 

1
0 

1
6 

2
5 

7 2
7 

3
4 

5
4 

3
0 

2
0 

Actin 
filament  

1
6 

G
O
:
0
0
0
5
8
8
4  

1
3 

2 1 2 3 8 1
1 

5 4
4 

8 1
2 

5
5 

5
3 

1
1 

0 5 1
2 

5 4 4
6 

3 1
3 

2
2 

Lipid 
transport 

1
7 

G
O
:
0
0
0

1
1 

0 8 1 1 1 1
0 

1
3 

8 7 1 3 1
0 

6 1 7 6
8 

0 7 1
5 

9 1
6 

4
4 
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6
8
6
9  

Respons
e to 

unfolded 
protein 

1
8 

G
O
:
0
0
0
6
9
8
6  
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cysteine
-type 

peptidas
e activity  

1
9 

G
O
:
0
0
0
8
2
3
4  

9 6 8 3 12 0 0 9 4
5 

5 2
4 

1
2 

2
7 

9 0 9 1
8 

9 9 1
8 

2
3 

9 1
8 

Ammoni
um 

transme
mbrane 

transport  

2
0 

G
O
:
0
0
0
8
5
1
9  

1
3 

15 5 4 13 1
5 

6 5 2
8 

1
0 

2
2 

2
5 

3
1 

6 6 1
1 

1
6 

4 1
2 

1
3 

3
9 

1
2 

1
3 

Formate 
dehydro
genase 

complex  

2
1 

G
O
:
0
0
0
9
3
2
6  

6 3 6 6 3 3 3 3 3 3 3 1
8 

3 3 6 6 6 3 3 3 9 3 6 

Alternati
ve 

oxidase 
activity  

2
2 

G
O
:
0
0
0
9
9
1
6  

4 4 6 6 2 0 2 0 8 1 6 4 5 1 2 1 6 2 4 7 6 4 5 

Sodium 
ion 

transme
mbrane 

transport

2
3 

G
O
:
0
0
1
5

2
0 

5 2 2 2 5 1
0 

6 4
3 

4 1
6 

3
0 

6
4 

1
1 

7 1
5 

1
8 

6 6 2
8 

5 6 1
2 
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er 
activity 

0
8
1  

Aquapor
in, 

Methyla
mmoniu

m 
transme
mbrane 

transport
er 

activity 

2
4 

G
O
:
0
0
1
5
2
0
0  

4 0 0 0 0 0 1 2 7 1 3 8 1
0 

3 2 2 3 2 2 6 9 2 4 

water 
channel 
activity  

2
5 

G
O
:
0
0
1
5
2
5
0  

1
0
4 

74 6
1 

40 88 5
6 

3
3 

7
7 

1
9
8 

1
0
4 

1
2
7 

3
1
3 

2
4
0 

1
1
1 

7
8 

6
1 

1
7
0 

8
7 

1
4
4 

1
5
3 

3
3
7 

1
5
6 

1
2
6 

methyla
mmoniu

m 
transport 

2
6 

G
O
:
0
0
1
5
8
4
3  

2 4 2 1 4 5 1 3 4 1 5 5 4 1 2 2 4 2 2 2 6 2 4 

Glucosid
ase 

activity 

2
7 

G
O
:
0
0
1
5
9
2
6  

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

lipase 
activity  

2
8 

G
O
:
0
0
1
6
2
9
8  

3 5 6 2 6 5 3 4 1
0 

3 4 9 1
3 

1
0 

2 4 6 2 6 3 4 8 5 

phosphat
ase 

activity  

2
9 

G
O
:
0
0
1
6

2
0 

14 1
5 

7 12 1
1 

1
1 

2
0 

6
5 

8 1
9 

5
3 

4
5 

1
4 

9 1
8 

2
6 

1
8 

1
6 

1
7 

2
6 

1
9 

5
4 



CHANGES IN GENE FAMILY SIZE  52 
 

7
9
1  

ATPase 
activity   

3
0 

G
O
:
0
0
1
6
8
8
7  

4
4
0 

58
9 

3
4
1 

34
5 

66
5 

4
4
8 

3
8
3 

5
5
0 

1
2
4
9 

5
0
3 

6
8
1 

1
4
0
8 

1
0
6
9 

5
3
1 

4
2
3 

4
5
1 

9
0
2 

4
6
9 

4
8
7 

6
5
2 

1
1
6
9 

6
1
4 

1
1
8
2 

Thiogluc
osidase 
activity 

3
1 

G
O
:
0
0
1
9
1
3
7  
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Endo-
1,4-beta-
xylanase 
activity 

3
2 

G
O
:
0
0
3
1
1
7
6  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

heat 
shock 
protein 
activity  

3
3 

G
O
:
0
0
3
4
6
2
0  

5
8 

10
1 

6
9 

85 13
0 

7
9 

6
8 

7
0 

1
4
7 

6
4 

1
0
2 

1
7
9 

1
4
3 

1
0
9 

7
8 

7
5 

8
6 

6
7 

7
0 

1
1
6 

1
0 

9
0 

1
5
4 

heat 
shock 
protein 
activity  

3
4 

G
O
:
0
0
4
2
0
2
6  

8
7 

14
5 

1
0
9 

10
3 

15
4 

1
0
4 

8
0 

1
0
2 

2
2
0 

9
2 

1
2
0 

2
3
6 

1
8
9 

1
3
8 

1
0
2 

1
0
2 

1
0
4 

8
5 

1
0
2 

1
5
1 

6
9 

1
1
0 

1
9
9 

protein 
homodi
merizati

on 
activity  

3
5 

G
O
:
0
0
4
2
8

9
0 

68 3
9 

25 75 3
4 

4
8 

6
6 

2
0
2 

4
8 

7
4 

2
5
4 

1
3
5 

4
5 

4
7 

7
7 

1
0
9 

7
7 

5
0 

1
1
2 

1
3
3 

8
0 

1
4
1 
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0
3  

cinnamyl
-alcohol 
dehydro
genase 
activity  

3
6 

G
O
:
0
0
4
5
5
5
1  

8 3 3 3 1 0 1 4 2
3 

2 3 9 1
1 

2 0 4 5 4 3 4 2 4 9 

Glucan 
endo-

1,3-beta-
glucanas
e activity 

3
7 

G
O
:
0
0
5
2
8
6
1  

2 0 0 0 0 0 0 0 2 0 2 0 0 0 0 0 0 0 0 2 2 0 0 

symplast  3
8 

G
O
:
0
0
5
5
0
4
4  

1 0 0 0 0 0 0 1 1 0 0 4 0 0 0 1 0 0 0 1 0 0 0 

Ammoni
um 

transme
mbrane 

transport  

3
9 

G
O
:
0
0
7
2
4
8
8  

9 15 5 4 13 1
5 

5 3 2
1 

9 1
9 

1
7 

2
1 

3 4 9 1
3 

2 1
0 

7 3
0 

1
0 

9 

Polygala
cturonas

e 
inhibitor 
activity 

4
0 

G
O
:
0
0
9
0
3
5
3  
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 7.  The lenient number of gene matches using a comparative phylogenic analysis 
excluding closely related taxa of A. thaliana.  

G
o C

ode D
efinition 

G
O

 C
ode Label 

G
O

 C
ode 

Aldrovanda vesiculosa 

D
ionaea m

uscipula 

D
rosera spatulata 

U
tricularia reniform

is 

U
tricularia gibba  

G
enlisea aurea 

Beta vulgaris 

D
orcoceras hygrom

etricum
 

Erythranthe guttata 

O
lea europaea 

Phtheirosperm
um

 japonicum
 

O
ryza sativa  

C
offea canephora  

Sesam
um

 indicum
 

Spinacia oleracea  

Striga asiatica 

Solanum
 lycopersicum

 

Salvia splendens  

H
androanthus im

petiginosus 

C
henopodium

 quinoa 

cyclic-
nucleotid

e 
phosphod
iesterase 
activity 

1 GO:00
04112  

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

0 

Serine-
type 

carboxyp
eptidase 
activity  

2 GO:00
04185  

19 
2
7 

3
1 

2
7 

2
1 

2
9 40 34 46 93 53 

2
1 

4
0 58 34 46 65 66 64 

10
1 

Aspartic-
type 

endopepti
dase 

activity  

3 GO:00
04190  

46 
2
3 

2
2 

2
7 

1
6 

3
2 33 19 38 68 21 

1
5 

3
3 52 17 24 58 48 43 

52 

Fructose-
bisphosph

ate 
aldolase 
activity  

4 GO:00
04332  11

6 
6
3 

6
2 

3
9 

9
3 

5
2 72 33 54 90 69 

7
2 

6
3 75 54 78 71 

15
0 80 

10
4 

Glutathio
ne 

transferas
e activity  

5 GO:00
04364  

18 
3
8 

2
4 

1
3 

1
1 

1
6 38 31 20 39 20 6 

6
5 55 46 25 87 30 24 

14
8 

Endonucl
ease 

activity 
6 GO:00

04519  7 5 6 
1
4 

1
2 

1
3 9 8 12 20 18 2 

1
1 24 12 13 22 13 18 

24 

Ribonucle
ase 

activity  
7 GO:00

04540  10 8 
1
0 

1
1 6 

1
0 12 7 21 26 24 9 

1
1 21 13 15 30 22 16 

35 

Alpha-
galactosid

ase 
activity  

8 GO:00
04557 

6 9 6 
1
4 

2
0 

1
0 6 3 4 17 13 6 6 15 8 3 8 15 9 

13 

Beta-
galactosid

ase 
activity  

9 GO:00
04565  12

1 
8
8 

5
7 

9
8 

5
6 

1
0
5 69 50 

14
7 

12
2 

12
5 

2
6 

1
1
9 

12
2 75 63 

12
7 

24
0 98 

13
2 

Chitinase 
activity  

1
0 

GO:00
04568  16 8 6 

1
4 5 5 7 11 22 32 7 

2
1 

1
0 15 8 9 20 32 19 

15 

Peroxidas
e activity  

1
1 

GO:00
04601  10

0 
6
3 

6
8 

1
0
0 

8
6 

6
9 

14
6 70 

12
2 

25
9 

12
9 

9
5 

1
3
1 

15
7 

10
1 

10
5 

18
0 

19
7 

12
9 

20
3 

Phospholi
pase 

activity  

1
2 

GO:00
04620  8 8 6 8 2 6 20 11 23 39 20 7 

2
6 25 14 16 24 25 33 

25 
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Polygalac
turonase 
activity  

1
3 

GO:00
04650  24 

1
8 

1
8 

2
4 

3
4 

2
3 22 27 32 58 58 7 

3
6 53 29 27 64 53 18 

51 

Superoxid
e 

dismutase 
activity  

1
4 

GO:00
04784  

16 
2
4 

2
3 

1
6 

2
4 

1
9 33 22 41 72 23 

1
9 

2
7 37 51 26 52 36 46 

99 

ATP:AD
P 

antiporter 
activity  

1
5 

GO:00
05471  

45 
2
8 

1
8 

1
7 

2
6 

1
6 21 28 43 72 46 

1
7 

3
5 38 12 41 50 91 41 

45 

Actin 
filament  

1
6 

GO:00
05884  

12
7 

7
6 

5
9 

9
4 

7
3 

6
4 

10
7 63 

10
9 

29
1 

10
7 

4
1 

6
2 

10
7 

10
6 92 

19
5 

20
2 53 

19
3 

Lipid 
transport 

1
7 

GO:00
06869  30 

1
9 

1
6 

2
0 

2
0 

2
2 40 26 43 64 27 9 

3
1 87 44 41 40 42 36 

96 

Response 
to 

unfolded 
protein 

1
8 

GO:00
06986  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

Cysteine-
type 

peptidase 
activity  

1
9 

GO:00
08234  

23 
1
1 

1
0 

2
2 

1
1 

1
1 11 10 26 35 17 9 

1
3 22 11 18 28 38 16 

22 

Ammoniu
m 

transmem
brane 

transport  

2
0 

GO:00
08519  

31 
1
5 

2
1 

2
5 

3
4 

1
1 31 18 39 45 23 

3
2 

2
8 35 26 17 27 64 34 

60 

Formate 
dehydrog

enase 
complex  

2
1 

GO:00
09326  

3 6 6 3 3 3 3 3 3 3 3 6 6 6 3 3 3 9 3 

6 

Alternativ
e oxidase 
activity  

2
2 

GO:00
09916  20 

2
1 

2
1 

1
2 

1
8 9 14 11 21 51 19 

2
3 

2
0 31 23 26 25 47 28 

41 

Sodium 
ion 

transmem
brane 

transporte
r activity 

2
3 

GO:00
15081  

19 9 
1
2 3 

2
0 

2
6 13 23 30 

18
9 28 

2
7 

3
7 47 25 38 76 47 25 

28 

Aquapori
n, 

Methylam
monium 

transmem
brane 

transporte
r activity 

2
4 

GO:00
15200  

0 0 0 2 2 2 4 2 7 11 4 6 4 6 4 2 8 18 8 

8 

water 
channel 
activity  

2
5 

GO:00
15250  30

8 

1
7
7 

1
7
0 

2
4
9 

1
6
3 

1
2
6 

18
7 

24
0 

23
0 

53
0 

33
5 

2
1
4 

1
7
7 

29
9 

22
2 

28
8 

31
3 

67
9 

35
8 

30
7 

methylam
monium 
transport 

2
6 

GO:00
15843  5 3 3 3 6 1 5 2 6 5 3 3 4 5 4 3 3 8 4 

9 

Glucosida
se activity 

2
7 

GO:00
15926  4 2 2 2 4 2 2 2 6 4 2 2 4 2 2 2 2 4 0 

4 

lipase 
activity  

2
8 

GO:00
16298  18 

1
5 

1
0 

2
3 

2
2 

1
0 33 22 34 62 28 7 

3
9 36 24 23 32 33 41 

49 

phosphata
se activity  

2
9 

GO:00
16791  74 

5
8 

4
8 

5
9 

5
3 

5
6 77 57 99 

29
5 69 

5
4 

7
0 

12
1 94 59 

12
0 

15
3 81 

19
2 

ATPase 
activity   

3
0 

GO:00
16887  15

71 

8
6
2 

8
8
2 

9
7
0 

9
0
3 

7
9
1 

12
76 

10
48 

14
19 

23
94 

14
00 

9
4
1 

9
9
1 

17
67 

12
41 

11
54 

15
14 

25
74 

12
09 

25
64 

Thiogluco
sidase 

activity 

3
1 

GO:00
19137  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

Endo-1,4-
beta-

3
2 

GO:00
31176  4 4 4 2 0 0 16 2 2 8 2 0 4 2 8 0 10 0 7 

20 
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xylanase 
activity 

heat 
shock 

protein 
activity  

3
3 

GO:00
34620  16

0 

1
0
1 

1
1
8 

1
1
9 

1
5
4 

1
0
4 

13
9 

14
5 

16
5 

20
7 

15
6 

1
6
1 

1
3
8 

13
8 

15
7 

21
8 

16
1 72 

13
2 

34
5 

heat 
shock 

protein 
activity  

3
4 

GO:00
42026  23

5 

1
7
6 

1
6
1 

1
5
9 

2
0
7 

1
3
9 

22
1 

25
3 

21
8 

31
0 

22
3 

2
0
6 

2
0
2 

19
5 

22
6 

26
7 

26
8 

18
0 

20
3 

52
3 

protein 
homodim
erization 
activity  

3
5 

GO:00
42803  29

1 

1
7
7 

1
7
4 

2
3
8 

2
4
8 

1
9
5 

29
9 

21
8 

34
0 

69
4 

31
5 

2
2
2 

2
5
2 

56
8 

29
3 

24
6 

44
5 

59
8 

35
4 

52
0 

cinnamyl-
alcohol 

dehydrog
enase 

activity  

3
6 

GO:00
45551  

8 
1
0 9 

2
7 

1
6 

1
4 17 18 24 59 31 7 

5
3 37 21 20 30 97 35 

45 

Glucan 
endo-1,3-

beta-
glucanase 
activity 

3
7 

GO:00
52861  

2 3 4 0 2 3 6 3 3 3 3 4 3 3 7 4 5 10 3 

8 

symplast  3
8 

GO:00
55044  2 1 1 1 1 1 1 1 1 3 1 2 2 1 1 2 1 3 0 

4 

Ammoniu
m 

transmem
brane 

transport  

3
9 

GO:00
72488  

31 
1
5 

2
1 

2
3 2 9 27 16 32 34 19 

2
6 

2
4 29 22 15 19 46 26 

52 

Polygalac
turonase 
inhibitor 
activity 

4
0 

GO:00
90353  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 
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Table 8. The conservative number of gene matches using a comparative phylogenic analysis 
excluding closely related taxa of A. thaliana.  

G
o C

ode D
efinition 

G
O

 C
ode Label  

G
O

 C
ode  

Aldrovanda vesiculosa  

D
ionaea m

uscipula 

D
rosera spatulata 

U
tricularia reniform

is  

U
tricularia gibba  

G
enlisea aurea 

Beta vulgaris 

D
orcoceras hygrom

etricum
 

Erythranthe guttata 

O
lea europaea  

Phtheirosperm
um

 japonicum
 

O
ryza sativa  

C
offea canephora 

Sesam
um

 indicum
 

Spinacia oleracea 

Striga asiatica 

Solanum
 lycopersicum

 

Salvia splendens  

H
androanthus im

petiginosus  

C
henopodium

 quinoa  

cyclic-
nucleotide 
phosphodi

esterase 
activity 

1 GO:00
04112  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Serine-
type 

carboxype
ptidase 
activity  

2 GO:00
04185  

0 8 5 5 4 0 7 3 8 8 7 2 3 9 4 2 9 6 7 15 

Aspartic-
type 

endopepti
dase 

activity  

3 GO:00
04190  

4 0 2 0 1 0 8 1
1 

1
5 

9 5 0 1
4 

2
2 

2 1
3 

1
6 

6 2
5 

4 

Fructose-
bisphosph

ate 
aldolase 
activity  

4 GO:00
04332  

8
0 

5
3 

5
3 

4
8 

7
4 

4
2 

4
0 

2
3 

4
2 

69 5
4 

5
4 

5
1 

5
8 

3
8 

5
9 

5
7 

11
1 

5
3 

78 

Glutathion
e 

transferas
e activity  

5 GO:00
04364  

1 0 0 1 4 2 4 3 4 5 3 0 4 1
0 

2 4 1
1 

3 4 12 

Endonucle
ase 

activity 
6 GO:00

04519  

1 2 3 1 1 0 2 1 2 4 2 0 3 2 2 2 3 2 6 6 

Ribonucle
ase 

activity  
7 GO:00

04540  

9 7 6 1
2 

5 4 1
0 

6 1
1 

14 6 3 5 9 6 1
3 

1
0 

12 7 26 

Alpha-
galactosid

ase 
activity  

8 GO:00
04557 

2 2 1 2 0 1 0 0 2 4 3 0 2 1 4 0 0 1 4 4 

Beta-
galactosid

ase 
activity  

9 GO:00
04565  

7 2 2 3 0 1
2 

1 3 5 13 1
0 

0 3 8 1 1 5 14 8 2 

Chitinase 
activity  

1
0 

GO:00
04568  

2 2 2 8 0 0 0 2 0 12 0 0 0 1 0 2 1 4 7 0 
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Figure 1. A neighbor-joining cladogram depicting the samples used in this study.  
Among these samples, carnivory evolved independently at least three separate times. The 
emergence of carnivorous plant species is represented by the red droplet. To the right are picture 
representations, indicating the various types of distinct trapping systems. The green text indicates 
the reference taxon, A. thaliana, against which all taxa were compared. A yellow circle was 
drawn around the advent of carnivory in plants were genes for carnivory were projected to 
contract or expand. The taxa highlighted in blue were removed to test for phylogenic effects.  
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Figure 2. Flow chart of methods for genomic analysis.  
This flowchart outlines the steps that were taken to determine what genes were associated with 
carnivorous species. 
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Figure 3. The subsampling method results for each GO term and the number of times significant 
differences found between carnivorous and non-carnivorous taxa.  
A subsampling strategy was utilized to examine statistical significance across the difference in 
the number of gene hits identified in the BLASTP test between carnivorous and non-carnivorous 
plants. Using 100 gene replicates with replacements, the number of gene matches across 40 
gene-related activities was examined. The lenient (green) and conservative (red) criterion for 
percent similarity and gene lengths are shown across each of the following GO terms. The 
analysis's selected GO codes define the function of genes on the x-axis. The y-axis displays the 
number of times the difference between carnivorous and non-carnivorous taxa was statistically 
significant based on p-value >0.05. 
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