bioRxiv preprint doi: https://doi.org/10.1101/637728; this version posted May 16, 2019. The copyright holder for this preprint (which was not

certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

10

11

12

13

14

15

16

17

18

19

20

21

aCC-BY-NC-ND 4.0 International license.

1

From mor phogenesisto pathogenesis. A cellulose loosening protein isone of the most

widely distributed toolsin nature

William R. Chase’
Olga Zhaxybayeva®>
Jorge Rocha™"
Daniel J. Cosgrove'

Lori R. Shapiro*®

Corresponding author: Lori Shapiro (Lori.R.Shapiro@gmail.com)

! Department of Biology, Pennsylvania State University, University Park, PA, USA, 16801

? Department of Biological Sciences, Dartmouth College, Hanover, NH, USA 03755

% Department of Computer Science, Dartmouth College, Hanover, NH, USA 03755

* Department of Microbiology and Immunology, Harvard Medical School, 77 Avenue Louis
Pasteur, Boston MA, USA 02115

" Current Address: Conacyt-Centro de Investigacion y Desarrollo en Agrobiotecnologia
Alimentaria, San Agustin Tlaxiaca, Mexico 42162

8 Current Address: Department of Applied Ecology, North Carolina State University, 100 Brooks

Avenue, Raleigh, NC, USA 27695


https://doi.org/10.1101/637728
http://creativecommons.org/licenses/by-nc-nd/4.0/

22

23

24

25

26

27

28
29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

45

bioRxiv preprint doi: https://doi.org/10.1101/637728; this version posted May 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

2

Author Contributions. LRS conceived of the study, LRS and WRC designed analysis, WRC and
LRS performed analyses; WRC, OZ, DJC, JR, LRS critically interpreted analyses, LRS wrote

the first draft of the manuscript; WRC, OZ, DJC, JR, LRS contributed manuscript revisions.

Data Deposition Statement: No new data were generated for this study. The data gathered from
NCBI, and the custom scripts created for this study to analyze these data, are hosted at

https://qithub.com/will-r-chase/microbe expansin.

Abstract

Plants must rearrange the network of complex carbohydrates in their cell walls during normal
growth and development. To accomplish this, all plants depend on proteins called expansins that
non-enzymatically loosen hydrogen bonds between cellulose microfibrils. Because of their key
rolein cell wall extension during growth, expansin genes are ubiquitous, diverse, and abundant
throughout all land plants. Surprisingly, expansin genes have more recently been found in some
bacteria and microbial eukaryotes, where their biological functions are largely unknown. Here,
we reconstruct the phylogeny of microbial expansin genes. We find these genesin all eukaryotic
microorganisms that have structural cellulose in their cell walls, suggesting expansins evolved in
ancient marine microorganisms long before the evolution of land plants. We also find expansins
in an unexpectedly high phylogenetic diversity of bacteria and fungi that do not have cellulosic
cell walls. These bacteriaand fungi with expansin genes inhabit varied ecological contexts
mirroring the diversity of terrestrial and aquatic niches where plant and/or algal cellulosic cell
walls are present. The microbial expansin phylogeny shows evidence of multiple horizontal gene

transfer events within and between bacterial and eukaryotic microbial lineages, which may in


https://doi.org/10.1101/637728
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/637728; this version posted May 16, 2019. The copyright holder for this preprint (which was not

certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

46

a7

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

aCC-BY-NC-ND 4.0 International license.

3
part underlie their unusually broad phylogenetic distribution. Taken together, we find expansins
to be unexpectedly widespread in both bacterial and eukaryotic genetic backgrounds, and that the
contribution of these genes to bacterial and fungal ecological interactions with plants and algae

has likely been underappreciated.

| mportance

Cdlulose is the most abundant biopolymer on earth. In plant cell walls, where most global
cellulose biomass is found, cellulose microfibrils occur intertwined with hemicelluloses and
pectins. Therigidity of this polysaccharide matrix provides plant cell walls with structural
support, but this rigidity also restricts cellular growth and development. Irreversible, non-
enzymatic loosening of structural carbohydrates by expansin proteinsis key to successful cell
wall growth in plants and green algae. Here, we find that expansin genes are distributed far more
broadly throughout diverse bacterial and fungal lineages lacking cellulosic cell walls than
previously known. Multiple horizontal gene transfer events are in part responsible for their
unusually wide phylogenetic distribution. Together, these results suggest that in addition to being
the key evolutionary innovation by which eukaryotes remodel structural cellulosein their cell
walls, expansins likely have remarkably broad and under-recognized utility for microbial species

that interact with plant and algal structural cellulose in diverse ecological contexts.

Introduction
Cedllulose — a linear polysaccharide comprised of hundreds to thousands of D-glucose
units—is the most abundant biopolymer on Earth. The vast majority of global cellulose biomass

ispresent in plant cell walls, where cellulose microfibrils are interlinked with hemicelluloses and
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4
pectins to provide structural support (1-3). This carbohydrate and protein matrix allows plant cell
walls to withstand high tensile stresses, which can reach as high as 1000 atmospheres during
growth (4). The strength of the structural carbohydratesin the cell wall also creates aformidable
physical barrier against pathogenic microorganisms (5). Cellulosic cell walls similar in structure
to those in plants also occur in some algal and other microbial eukaryotic groups (6-8). Tunicates
(Urochordata) are the only metazoan group known to use cellulose structurally, and are thought
to have acquired cellulose synthase genes horizontally from bacteria (9-11).

All of these diverse organisms are confronted with the dilemma of how to loosen their
cellulose-based matrix of structural carbohydrates in order to expand their cell walls during
normal growth and development. In plants and some green algae, non-enzymatic proteins called
expansins provide the most important structural cellulose loosening functions, and are most
highly expressed during active growth in any tissue where cell wall extension is critical (12-20).
Expansin proteins are tightly packed two-domain structures of 200-250 amino acids with a
planar polysaccharide binding surface (Supplemental Figure 1). The N-terminal domain is
related to family 45 glycoside hydrolases, but lacks lytic activity. The C-terminal domain is
related to group 2 grass pollen alergens (2, 21-25).

Expansin genes are universally present in all species of land plants, and most plant
genomes contain multiple expansin homologs (26-28). In vascular plants, expansins have
diversified from a common ancestor into four distinct genetic subfamilies. Two of these
subfamilies, o and 3 expansins, have been empirically shown to cause irreversible cell wall
extension (2, 3, 26, 29, 30). The gene sequences of the two remaining subfamilies, expansin-like
families A and B (EXLA and EXLB, respectively), contain both canonical expansin domains but

no EXLA or EXLB have yet been functionally characterized. The current working hypothesis for
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5
92 expansin mode of action is non-enzymatic disruption of hydrogen bonds at biomechanical
93  hotspots between cellulose microfibrils, or between cellulose microfibrils and hemicellulose.
94  Interruption of hydrogen bonds allows slippage of carbohydrate polymers (ie, ‘loosening’) at
95 load bearing elements of the cell wall, and is distinct from the action of hydrolytic enzymes. This
96  structural carbohydrate loosening causes water uptake and irreversible extension of the cell wall
97  without compromising tensile strength (19, 30, 31). The ubiquity of expansinsin land plants and
98 some green algae, the phylogenetic diversity of expansinsin vascular plants, and their essential
99 rolein cell wall growth underlies the hypotheses that expansins may have first evolved in green
100 algae and then diversified in land plants, and that these genes were necessary for the evolutionary
101  success and adaptive radiation of the Plantae lineage (32-36).
102 What has long remained unknown is the distribution and function of expansin genesin
103  non-Plantae organisms — especially those that do not have cellulosic cell walls (32, 37-40).
104  Fungal and bacterial genes predicted to have similar structure as [3-expansins were first identified
105 once databases began storing large numbers of genomic sequences. These microbial expansin-
106 like genes were assigned to a newly established EXLX subfamily (22, 23). Thefirst bacterial
107  expansin gene with the predicted two domain structure of a plant expansin to be identified was a
108 single copy expansin gene (ExIx1) from the rhizosphere plant commensal bacterium, Bacillus
109  subtilis. This gene, referred to by expansin naming convention as BsExIx1, is highly divergent
110 from plant expansins at the amino acid sequence level, but contains a conserved aspartic acid in
111 domain 1 that iscrucial for cell wall extension, and linear aromatic residues in domain 2 that are
112  essentia for polysaccharide binding (Supplemental Figure 1) (23, 38).
113 Bacillus subtilis, like many species of bacteria, utilizes cellulose as part of an

114  extracelular biofilm matrix, but does not use cellulose as a cell wall structural component (41,
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6
115  42). Functional characterization found that BsExIx1 significantly increases the efficiency of
116  ephiphytic maize root colonization by B. subtilis, despite showing 10 timeslessin vitro cell wall
117  loosening activity than plant expansins (23). This suggests that the function of expansinsin
118 microbial backgrounds may be to facilitate colonization of hosts that produce cellulosic cell
119  walls(43-48). Sincethisfirst characterization of an expansin gene in a bacterium, additional
120 EXLX family expansin genes have been identified in phylogenetically diverse bacteria, fungi
121  and some microbial eukaryotes (reviewed in (32, 33)). Like plant expansins, no microbial
122  expansins have been documented to have enzymatic activity (38, 49-54). Microbia expansin
123  evolutionary history, taxonomic distribution, mechanism(s) of action, and ecological function(s)
124  remains enigmatic in non-Plantae genetic backgrounds, and there is currently no framework for
125  predicting their functional roles (38, 40, 51, 55-57).
126 Here, we examine the phylogenetic distribution of microbial expansin genes, and infer
127  their possible ecological roles through four steps. First, we searched for expansin genesin all
128 non-Plantae records of GenBank, and reconstruct the phylogeny of microbia expansin homologs
129 inthe context of the broader tree of life. Second, we consider the distribution of expansin genes
130 relativeto thelife history of microorganismsthat have them. Third, we analyze the microbial
131  expansin phylogeny for signals of horizontal gene transfer, and hypothesi ze how ecological
132  factors may be driving transfer of this gene between distantly related microbial taxa. Finally, we
133  examine ongoing evolution through fusions with carbohydrate active proteins. Together, these
134  analysesindicate that microbial expansins are more widely utilized by microorganisms than
135 previously recognized, and that their distribution is in part driven by an underestimated
136  importance for mediating bacterial and fungal interactions with live and dead plant and algal

137  matter.
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138
139 Results

140 Phylogenetic distribution of expansin genes across the tree of life

141 We surveyed the NCBI nr database (accessed Jan 2017) and identified a total of 600
142  unique expansin sequences in 491 species, in addition to those known in green algae

143  (Chloroplastida) and terrestrial plants (Embryophyta) (Table 1, Supplemental Table 1). These
144 491 species with expansin homologs are comprised of macroscopic and microscopic organisms
145  widdy distributed across the tree of life (Figure 1). In Archaeplastida, expansins are present in
146  red algae (Rhodophyta), which use cellulose as their main cell wall structural carbohydrate, and
147  in Cyanophora paradoxa, the sole publicly available Glaucophyta genome sequence

148  (Supplemental Table 2) (58). Glaucophyta are arare and largely uncharacterized Archaeplastid
149  group that likely diverged prior to the split between the red (Rhodophyta), and green

150 (Chloroplastida) algal lineages (58, 59).

151 Few expansin genes occur in Metazoans (Supplemental Table 3). Tunicates are the only
152  metazoan group known to use cellulose structurally, and acquired their cellulose synthase genes
153  horizontaly from bacteria (11, 60, 61). Oiklopeura dioica is the sole tunicate species with a
154  sequenced genome, and it contains an annotated expansin gene. Expansin genes are also

155 annotated in several species of marine bivalves whose diets are partially plant matter or algae.
156  For the sole glaucophyte and the few metazoans with annotated expansin homologs, it remains
157  empirically unconfirmed whether their expansin genes are bona fide cellular genes, or

158  sequencing contamination from digestive contents or other plant or microbial DNA (62, 63).
159 Many plant pathogenic nematodes have proteins with partial functional and structural overlap

160 with expansins, but their domain structure is reversed compared to the canonical plant and
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8
microbial expansin proteins. The evolutionary relationship of nematode expansin-like proteins to
plant or microbial expansins remains unclear (30, 38, 64), and functional similaritiesin plant cell
wall loosening function may be an example of convergent evolution.

In non-Archaeplastida eukaryotic microbes, ExIx homologs are present in both major
lineages of Amoebozoa, one Alveolate (Vitrella brassicaformis), one Haptophyte (Emiliania
huxleyi), and multiple lineages of Stramenopiles. Few species from these groups have sequenced
and well-annotated genomes, and it islikely that more expansin homologs will be identified as
more species from these lineages have their genomes sequenced and annotated. E. huxleyi and
some Stramenopile lineages with expansin genes (such as Phaeophytes) are photosynthetic
marine organisms with cellulosic cell walls. Many Amoebozoa and terrestrial Stramenopiles also
have cdlulosic cell walls. In the slime mold Dictyostelium discoidum (Amoebozoa), expansin
genes are expressed while structural cellulose is being rearranged during fruiting body
development (8). It islikely that D. discoidum— and other microbial eukaryotes with cellulosic
cell walls — use expansinsto modify their own structural cellulose. Many Oomycetes (a group of
non-photosynthetic Stramenopiles) have expansin genes, but it remains unclear whether
oomycetes use expansins for morphogenesis, interactions with plant cell walls, or both. All
oomycetes with annotated expansin genes use cellulose structurally and have multiple expansin
homologs per genome (Supplemental Table 1) which both suggest functions related to
morphogenesis. However, these same oomycetes colonize plants as hosts and some are among
the world’s worst agricultural plant pathogens, suggesting possible function(s) related to plant
colonization (65-69).

Expansin genes are not detected in Archaea, but EXLX homologs are present in an

unexpectedly diverse assortment of fungal and bacterial taxa. While many bacteria secrete
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184  celulose as part of an extracellular biofilm matrix, none are known to utilize cellulose as a
185  structural component of their cell walls (41, 42). Expansins are most abundant in Actinobacteria,
186  Firmicutes, Myxobacteria, y-Proteobacteria and [3-Proteobacteria, and are also present in some
187  Chloroflexi, Bacteroidetes, Cyanobacteria and Verrucomicrobia. In fungi, none of which are
188  known to use cellulose structurally, most expansin genes are in Ascomycota, and fewer
189 expansinsarein Basidiomycota, Chytrid fungi and symbiotic ectomycorrhizal fungi
190 (Supplemental Table 4).
191

192 Diversty of ecological nichesinhabited by microbes with expansin genes

193 Sincethefirst discovery of an expansin gene in abacterium, it was hypothesized that
194  most microbial expansins function as virulence factors (23, 25, 30, 33, 53). However, we find
195 that only 28% (138 out of 491) of microbial species with expansins are plant pathogens (Figure
196 2, Supplemental Table 4). More than half (290 out of 491, or 59%) are described as plant

197 commensals, soil inhabitants, or saprophytes — ecological contexts where microbes non-

198 pathogenically interact with live plants and/or decaying plant matter (70). The remaining 13% of
199 expansin-containing microbes inhabit a variety of terrestrial or aguatic ecological contexts, all of
200  which havein common the presence of live or dead plant or algal matter.

201 Bacteria comprise 61.3% (301 out of 491) of microbial species with expansin genes.

202  Especialy notable are Myxobacteria, where 85% (22 out of 26) of sequenced species have

203  expansin genes (Table 1), suggesting that their ecological importance as saprophytes has been
204  overshadowed by their use as laboratory models to understand bacterial multicellular behavior
205 (71, 72). The Actinobacterial genera Sreptomyces, Nocardia, and Micromonospora have many

206  species with expansin genes. Numerous Streptomyces are plant growth promoters or pathogens,
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10
207  but Nocardia and Micromonospora are predominantly known as soil inhabitants and have few
208  (or no) described plant associations (Supplemental Table 4) (73, 74). The high frequency of
209  expansin genes suggests that microbia associations with live plants or dead plant matter islikely
210  more common, and more ecologically important, for these actinobacterial generathanis
211  currently recognized.
212 Many expansin genes are found in known plant growth promoting rhizobacteria,
213  including strains of Sreptomyces, Bacillus, Micromonospora, and Rhizobacter. In these species,
214  expansin may function smilarly to B. subtilis (23), and increase epiphytic colonization efficiency
215  of plant roots. Only 15% of bacterial species (46 out of 301) with expansin genes are
216  phytopathogens, and most of those pathogens occur in two y-proteobacteria lineages,
217  Xanthomonadaceae and Enterobacteriaceae. Other bacterial plant pathogens are sparsely
218  scattered throughout the tree, and include economically important strains of Ralstonia,
219  Acidovorax, Streptomyces and Clavibacter michaganensis. A conspicuous number of these
220  expansin-containing bacteria are among the most economically costly agricultural plant
221  pathogens (Table 2). Notably, all expansin-containing bacterial phytopathogens move
222  systemically viaxylem at some stage of pathogenesis— an unusual, highly virulent phenotype
223  compared to localized lesions produced by most bacterial plant pathogens (75-82).
224 An additional 7% (22 out of 301) of bacterial species with expansins are marine or
225 freshwater, and likely interact commensally with live algae or plant, or saprophytically degrade
226  dead algal or plant matter. Several species of bacteria with expansin genes were isolated from
227 plants growing in tidal flats, where they may facilitate plant-microbe symbiosis that allow both
228  partnersto better tolerate elevated salt levels (83). Expansins were also found from bacteriain

229  acid mine drainage sites, sulfur mats and hot springs (84, 85). An expansin geneis present in
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Cedecea neteri, which has been isolated as both a plant commensal and a facultative termite gut
symbiont (86-89). Expansin genes are found in bacteria (Paenibacillus, Ruminococcus,
Firmicutes, Actinobacteria) and fungi (Neocallimastix, Anaeromyces, Piromyces, Aspergillus)
that are commensals in herbivore ruminant guts and likely aid in degradation of ingested plant
matter (Supplemental Table 4) (90).

Only 31.5% of microbes (155 out of 491) with an expansin homolog are fungi, and they
inhabit a more restricted range of ecological habitats than bacteria. Almost all fungal species
with expansin genes (94%; 146 out of 155) are described as plant pathogens, commensals, or
saprophytes, although it is possible this reflects under-sampling of fungi compared to bacteria
(91). A higher proportion of fungal species with expansins are phytopathogenic (52.3%; 81 out
of 155) compared to the proportion of bacteriathat are phytopathogens (15%; 46 out of 301).
Expansin genes are present in many economically devastating fungal pathogens, including many
that can cause vascular wilt diseases and can move via xylem during pathogenesis (Figure 2,

Table 2, Supplemental Table 4) (92, 93).

Horizontal gene transfer has shaped expansn distribution in microbes

Horizontal transfer of genes between distantly related organisms can introduce new traits
and drive rapid evolutionary innovation in the recipient organism. In the microbial expansin
phylogeny we identified 21 nodes that are in strong conflict with expected taxonomic
relationships, which is suggestive of horizontal gene transfer. We then evaluated the Statistical
support for the relationships at these nodes with three phylogenetic analyses (Figure 3, Table 3).
Some of these nodes are well-supported statistically, while others have low support in one or

more tests, and verifying their placement will require better sampling and/or improved
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phylogenetic algorithms (Table 3).

Four nodes represent putative intra-domain HGT events within Eukaryota (nodes 16, 17,
18, 19), twelve nodes represent putative intra-domain exchanges within Bacteria (nodes 1, 2, 3,
4,5,6,7,8,9, 10, 11, 21), and five nodes represent putative inter-domain exchanges between
Bacteria and Eukaryota (nodes 12, 13, 14, 15, 20). Within Eukaryota, the Rhodophyta red alga
Gracilariopsis andersonii is recovered within Stramenopiles (node 19). Thirteen Ascomycota are
recovered in a mixed group with Viridiplantae, the Amoebozoa Acanthamoeba castellanii and
the Stramenopile Thalassiosira oceanica (nodes 16, 17, 18).

Of the 12 within-bacteria HGT events, five involve B-proteobacteria (nodes 1, 5, 7, 11,
21) and four involve y-proteobacteria (nodes, 1, 2, 3, 8, 11). Two distinct groups of pathogenic y-
proteobacteria— the Xanthomonad and Enterobacterial plant pathogens — group with Firmicutes
(nodes 2, 3). Smilaritiesin ecological habitat and life histories between species at some nodes
with putative HGT relationships — such as the marine y-proteobacteria Zooshikella ganghwensis
and marine Cyanobacteria at node 8, and plant pathogenic Ralstonia within plant pathogenic
Xanthomonads at node 1 — suggest ecological niche may be a strong factor driving some
expansin HGT events (94). Actinobacterial expansns separate into two main lineages, one
comprised mainly of Sreptomyces and the other mainly of Micromonospora and Nocardia.
These Actinobacterial lineages are separated by a polyphyletic group that includes j3-
proteobacteria, y-proteobacteria and Bacteroidetes (nodes 9, 10, 11). The plant commensal
Acidovorax radicisis part of the B-proteobacteria group recovered within Myxobacteria (node 7),
while five other Acidovorax that are plant pathogens are in the -proteobacteria group recovered
in Actinobacteria (node 11). All Chloroflexi are recovered within Myxobacteria (nodes 4, 6).

Five of the 21 putative HGT events are inter-domain exchanges between Bacteria and
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276  Eukaryota. Node 15 recovers the expansin gene from Haloferula sp. (Verrucomicrobia), a marine
277  symbiont of brown algae (Stramenopiles), near Amoebozoa and Stramenopiles (95). Node 12
278  groups Chytrid fungi as sister to Actinobacteria, and places the Chytrid expansins as basal to the
279  bacterial expansins. The Alveolate Vitrella brassicaformis (node 14) is recovered as Sister to an
280 Actinobacteria-Myxobacteriaintra-domain HGT event (node 13). Node 20 groups the expansin
281  genesfrom two Actinobacteria (Hamadaea tsuongenss and Streptomyces acidiscabies) and a -
282  proteobacteria (Uliginos bacterium gangwonense) (node 21) with Stramenopiles. In previous
283  studies, the Streptomyces acidiscabies expansin gene was recovered within a group of plant
284  expansins, and this relationship was interpreted as phylogenetic evidence for an interdomain
285 HGT from agreen land plant donor to a bacterium (33). In our phylogeny — built with a much
286  broader representation of Amoeboza and Stramenopiles than was available previously — this
287 same S acidiscabies expansin gene, plus an additional expansin gene from the actinobacterium
288 Hamadaea tsuonensis— are still an example of interdomain HGT, but group with Stramenopiles
289  and not within land plants. None of the 491 microbial expansin genes group within the
290 Viridiplantae, strengthening the hypothesisthat land plants were not the expansin gene donorsto
291  bacteriaand fungi. Further, these five inter-domain HGT events (nodes 12, 13, 14, 15, 20)
292  support the hypothesis that a bacterium could have acquired an expansin gene in amarine
293  environment long before land plants evolved ~475-515 million years ago (96).
294

295 Some microbial expansins co-occur with carbohydrate active proteins

296 In some fungi and bacteria, the two-domain canonical expansin geneisfused to
297  additional glycoside hydrolase (GH) and/or carbohydrate binding module (CBMs). There are

298  currently 83 recognized CBM families. All are non-enzymatic, and often function as part of a
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299 larger protein to facilitate adhesion to complex carbohydrates with high substrate specificity (24,
300 97). GHsareagroup of enzymes widespread among plants and microbes that degrade complex
301 carbohydrates, and are currently classified into 153 distinct familiesin the Carbohydrate Active

302  Enzymes database (www.cazy.org). Out of 491 microbial species with expansin genes, 49 (9.9%)

303 exist asfusionsto a carbohydrate active domain (Figure 4, Supplemental Table 5). Fifteen of

304 thesefusions were previously known (33), and 34 arefirst identified here.

305 Carbohydrate binding module family 1 (CBM1) isthe only carbohydrate active domain
306 fused to fungal expansins (alternatively referred to in the literature as a “ swollenins' (32, 40, 55)).
307  All 14 fungal specieswith expansin-CBM 1 fusions are non-pathogenic. Twelve species of non-
308 pathogenic Trichoderma, Penicillium and Talaromyces form a group distinct from the other

309 predominantly pathogenic fungi without CBM1 fusions, and this group is a well-supported

310  within-Eukaryota HGT event (Figure 3, node 17). Some Trichoderma spp., including those with
311 expansin-CBM1 fusions, are among the most thoroughly characterized plant beneficial fungi (98,
312  99). We hypothesize that in fungal genetic backgrounds, expansin fusion to CBM1 increases

313  fungal mutualistic capabilities to plant hosts, providing a selective advantage for fungal strains
314  that contain thisfusion.

315 In bacteria, expansins are predominantly found fused to domains from carbohydrate

316  binding module family 2 (CBM2) and/or glycoside hydrolase family 5 (GH5). The Chloroflexi
317 Herpetosiphon aurantiacus is the only microbe with an expansin fused to a CBM 32 domain. A
318 GH5-expansn fusion congtruct is present in 15 plant pathogenic Xanthomonadaceae. In some
319 Cyanobacteria, B-proteobacteria, y-proteobacteria and Actinobacteria, expansins are fused to

320 CBMZ2 with variable domain arrangements (expansin-CBM 2, CBM 2-CBM 2-expansin or CBM 2-

321 expansin). Clavibacter michiganensisis the only species with an expansin domain fused to both


https://doi.org/10.1101/637728
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/637728; this version posted May 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

15
322  GH5 and CBM2 domains (GH5-CBM 2-expansin domain arrangement). Most bacteria with
323  unfused expansin genes are not plant pathogens (Figure 2, Supplemental Table 4). However, of
324  thebacterial species with expansin fusionsto GH5 and/or CBM2 domains, most (65.3%; 32 out
325 of 49) are virulent phytopathogens (Supplemental Table 5). This suggests that in bacteria,
326 expansin fusions are more likely than unfused expansins to function as a virulence factor.
327 The existence of variable fusion constructs (expansn-CBM 32, GH5-expansin, expansin-
328 CBMZ2, CBM2-expansin, CBM2-CBM 2-expansin, and GH5-CBM2-expansin) indicates multiple
329 independent origins of expansin fusionsto carbohydrate active domains have occurred in
330 Dbacteriaand fungi. The repeated independent fusions of CBM2 and GH5 domains in bacteria,
331 andonly CBM1in fungi — out of hundreds of CBM and GH families — suggests that CBM 1,
332 CBMZ2 and GH5 active domainsin combination with expansin are uniquely useful for bacterial
333  and fungal interactionswith cellulosic cell walls.
334 The enterobacteria may offer mechanistic insight into how fusions can occur. In all
335 enterobacteria, expansin genes are unfused to carbohydrate active domains. However, the plant
336 pathogens Erwinia tracheiphila (80, 100) and Pantoea stewartii have a canonical expansin gene
337 directly adjacent to — but in a separate open reading frame (ORF) — from a GH5 endoglucanase
338 gene. Thisexpansin-GH5 domain arrangement in E. tracheiphila and P. stewartii isin opposite
339 positional order to the 15 Xanthomonadaceae with a GH5-expansin fusion construct, suggesting
340 that in either E. tracheiphila or P. stewartii this gene architecture arose de novo and was not
341  acquired horizontally from a Xanthomonadaceae donor. In E. tracheiphila and P. stewartii, both
342 theexpansin and GH5 ORFs have a predicted secretion signal peptide. The two coding
343  sequences are separated by a stop codon and a short stretch of 40 nucleotidesin E. tracheiphila

344 and51in P stewartii (KE136322.1, position 16101-17807 in E. tracheiphila (101) and
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345 NZ_CP017589.1, position 1851-3562 in P. stewartii). From this genetic architecture, itis
346 possiblethat either a small deletion in the region between these ORFs, or a mutation in the stop
347  codon separating them, could result in fusion of the two domains into a single gene (102).
348
349 Discussion
350 We find that microbial expansin genes are more broadly distributed across diverse
351 lineages of bacteria, fungi and other eukaryotic microbes than previously recognized. Especialy
352 notableisthe presence of expansinsin microbes inhabiting a previously unrecognized diversity
353 of terrestrial and aquatic ecological niches, including those not traditionally thought of as
354  cedlulose-dominated. Many expansin genes are also found in microbes not yet known to interact
355  with plants or algae, suggesting interactions with live or dead plant or algal matter is an
356  overlooked yet important part of their ecological life histories. Identifying expansin genesin
357 such aphylogenetically and ecologically diverse set of microbial species— including many
358  which have not yet been described as interacting with plants or algae — suggests that the immense
359  amount of global cellulose biomass (1) is an under-recognized selective pressure driving
360 microbial evolution (94).
361 While the first organism to evolve an expansin gene and the timeframe of this innovation
362 remains unknown, we hypothesize that the original expansin evolved long before the emergence
363  of land plants 475-515 million years ago (96). Many microbes that use expansin proteins for cell
364  wall expansion during growth and devel opment — including Stramenopiles, Amoebozoa,
365 Haptophyta, Alveolata, Rhodophyta and Chlorophyta — are lineages much older than land plants.
366  The presence of expansin genesin all eukaryotic organismswith cellulosic cell walls, together

367  with the absence of any extant alternate mechanism for irreversible cellulosic cell wall extension
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suggests that expansins may have been necessary for the success of the original organism with
cellulosic cell walls (30, 96, 103, 104). This also raises the possibility that the EXLX microbial
expansin subfamily could have been thefirst to evolve, and then diversified into distinct EXPA,
EXPB, EXLA, and EXLB subfamiliesin land plants. Ultimately, answering the question of
expansin origin and ancient evolutionary dynamics will require greater taxon sampling, high
confidence molecular dating of the different lineages with this gene, and accurate rooting of the
expansin phylogeny.

The microbial expansin phylogeny indicates that HGT has been an important process
shaping the distribution of expansins among microorganisms, and that expansin gene exchangeis
ongoing. In some cases, the presence of expansin genesin most sequenced species within a
group (such as Myxaobacteria, Xanthomonadaceae, and the Pectobacterium and Dickeya group of
Entobacterial plant pathogens) suggests that original acquisition of an expansin likely occurred in
a common ancestor of these taxa before these groups diversified (105). In other species— notably
several plant pathogens — acquisition of an expansin likely occurred on more recent ecological
time scales. In several bacterial pathogen species, acquisition of an expansin gene or gene fusion
resulted in an ability to move systemically via xylem and achieve high within-host titre, which is
a high virulence phenotype (51, 52, 77, 106-108). The high frequency of expansin genes in many
virulent fungal and bacterial plant pathogens suggests that expansins or expansin fusions can
function as a potent virulence factor when acquired by bacteria and fungi in smplified agro-
ecosystems. The increase in virulence conferred by horizontal acquisition of expansins or
expansin fusions by microbes in agricultural systems may amount to yet another demonstration
of human-driven evolution of pathogenic micro-organisms (80, 109-111). The amenability of

expansin genes to horizontal transfer between phylogenetically divergent microbial lineages, the
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391 functionality of thisgenein diverse genetic backgrounds, and its repeated occurrence in virulent
392  agricultural pathogens should elicit concern about the possibility of this gene facilitating the
393 emergence of novel, highly virulent pathogen species or strains in managed agricultural settings.
394 In addition to expansin dissemination via HGT, functional evolution of microbial
395 expansinsislikely also driven by fusions with carbohydrate active proteins. Thereisa
396 correlation between fusion to carbohydrate active domains with atransition between
397  pathogenicity and commensalism, but in opposite directions for bacteriaand fungi. In fungi,
398 therewaslikely only one fusion of an expansin to a CBM1 domain. In bacteria, expansin genes
399 havelikely fused multiple timesindependently with a CBM2 domain, fused at least onceto a
400 GH5 domain in Xanthomonadaceae, and appears to be in a possible intermediate arrangement
401  that may result in an additional fusion in Erwinia tracheiphila and/or Pantoea stewartii. The
402  occurrence of expansin fusion constructs across the expansin phylogeny, repeated occurrence of
403  fusionswith the same carbohydrate active domains from multiple independent fusion events and
404  thedistinct ecological interactions of species with expansin fusions compared to closely related
405  species with unfused expansin genes suggests that these fusion constructs have emergent (but
406  still unknown) properties beyond their individual constituent domains.
407 We now recognize that all Eukaryotic microbes and macrobes in marine environments —
408 and later in evolutionary history, on land — have evolved as part of complex multi-species
409 communities (112-115). A mechanism to non-destructively manipulate structural cell wall
410 celulose would have been highly adaptive for the organism that first evolved a cellulosic cell
411  wall. This same mechanism could have also been adaptive for the diverse microbes that colonize
412  the surfaces of eukaryotes that have cellulosic cell walls as hosts. The functional flexibility of

413  expansins—which are essential for normal growth and development in some lineages (land
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414  plants, red and green algae and some eukaryotic microbes) and accessory in others (bacteria,
415 fungi and possibly other eukaryotic microbes) — appears unique. A more complete understanding
416  of expansin evolutionary origin, functional diversification and emergent properties from fusions
417  with carbohydrate active domains may offer unique insight into the origin of cellulosic cell walls,
418  and mechanisms underlying host-microbe ecological interactions.
419
420 Methods

421 Plant and microbial expansin protein structures

422  Thecrystal structures of the bacterial expansin from Bacillus subtilis (BSEXLX1, PDB: 3D30)
423  aone (116) and in complex with plant cellohexose (PDB: 4FER)(117), and the plant [3-expansin
424  ZmEXPB1 (PDB: 2HCZ) from Zea mays (118) were downloaded from the Protein Data Bank

425  (PDB) (119). The 3D protein structures were visualized with UCSF Chimera (v1.2.2) (120).

426

427  Detection of microbial expansin seguences:

428  Amino acid sequences encoding microbial expansins were identified in atwo-step approach. In
429 thefirg step, the NCBI non-redundant protein sequence database was queried using the

430 keywords ‘expansin’ and ‘ swollenin’ and excluding hits from Viridiplantae taxa (accessed Jan.
431  2017). Theretrieved amino acid sequences were then curated to remove duplicates and ensure
432  that al hits were bona fide microbial expansin genes. All hits were evaluated based on presence
433  of the canonical expansin domains and key amino acid motifs (conserved aspartic acid in domain
434 1 and conserved aromatic triplet in domain 2) to the experimentally validated reference expansin
435  sequences BSEXLX1 from Bacillus subtilis (AAB84448.1), and the alpha expansin AtEXPA4

436  from Arabidopsis (AEC09708.1). BSEXLX1 and AtEXPA4 were used as references because they
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437  represent the microbial expansin (BSEXLX1) or plant expansin (AtEXPA4) superfamilies, and
438 the expansin function of both genes has been experimentally validated.
439 Records were removed from the dataset if the amino acid sequence lacked either of the
440 characteristic expansin domains or key residues. Amino acids sequences that flanked the two
441  canonical expansin domains that were included in the CDS record because of mis-annotation
442  (such as RNA polymerase sequences) were trimmed so that only the canonical expansin domains
443  (and carbohydrate associated domains, when present) were retained. Domains were annotated
444  and identified using CD-Search from NCBI (30).
445  The expansin sequences retrieved in thisinitial, keyword-based search were then manually
446  separated into bacteria, fungi, or microbial eukaryotic subsets. Representative sequences from
447  these three taxonomic groups were then used as BLASTP queries to identify any microbial
448  expansin gene sequences in the NCBI non-redundant (nr) database that may have been missed in
449  the keyword search. The bacterial, fungal and eukaryotic microbe expansin sequences were used
450 asBLASTP queries against the non-redundant nr protein database using default parameters, but
451  excluding hitsfrom Viridiplantae (121). This sequence-based approach yielded additional hits
452  that were added to the existing sequence lists. The sequences were again aligned to the reference
453  expansin sequences usng MAFFT, and then manually filtered and trimmed to remove false
454  positive hits and mis-annotated flanking regions. The final microbial expansin gene set contains
455 600 unique, bona-fide non-Viridiplantae expansin proteins from 491 distinct microbial species
456  (Supplemental File 1). For 113 microbial species, there were at least two, and up to eight, non-
457  identical expansin genes within the same species (Supplemental Table 1). All sequence
458  alignments were performed using MAFFT (v. 7) with the options FFT-NS-i (122).

459 Taxonomy information was retrieved for all 491 microbial species. The presence of
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460 expansin genes was mapped onto the currently understood phylogenies for Eukaryota and
461 Bacteria (59, 123-125). For each bacterial order with multiple species that contain expansin
462  genes, the NCBI taxonomy database was used to determine the total number of named species
463  and thetotal number of sequenced species (125).
464
465  Phylogenetic tree reconstruction
466 Because of high amino acid divergence, the expansin homologs from bacteria, fungi and

467  the other eukaryotic microbes were aligned separately using MAFFT (option E-INS-i) (126).
468  Poorly aligned regions at the termini were manually trimmed to the point where a conserved
469  block was shared across 90% of species. All three trimmed alignments were then combined, and
470  aligned again with MAFFT (option E-INS-i). Viridiplantae expansin gene sequences from one
471  dicot (AtEXPA4, GenBank: 048818.1), one monocot (ZmEXPB1, GenBank: P58738.2), one
472  non-vascular plant (PPEXPA10, XP_024392378.1), four randomly chosen sequences from the
473  charophyte green algae Klebsormidium nitens (GAQ91800.1, GAQ85527.1, GAQ79710.1,

474  GAQ91109.1) and two sequences from the chlorophyte green algae Chlorella variabilis

475  (XP_005846210.1, XP_005846208.1) were added to the dataset. The dataset was re-aligned a
476  fina timewith MAFFT (option E-INS-i). The final sequence alignment contains 608 sequences
477  and 689 amino acid sites (Supplemental File 1).

478 ModelFinder (as implemented within 1Q-tree v. 1.6) was used to determine the best

479  evolutionary model for the aignment (127). The WAG+R7 mode was chosen as the best

480 evolutionary model based on the Akaike information criterion (AIC). The phylogeny was

481  reconstructed in 1Q-tree (v. 1.6) (128), using a smaller perturbation strength and larger number of

482  stop iterations (options -pers 0.2 -nstop 500) to avoid local minima (all other parameters default).
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483  Node supports were estimated using the Shimodaira—Hasegawa like approximate likelihood ratio
484  test (SH-aLRT) (129) and the ultrafast bootstrap with 1000 bootstrap pseudo-replicates (130).
485  1Q-tree was run with these parameters 13 independent times to test the robustness of
486  phylogenetic relationships. The resulting concensus tree of the 13 runs was manually rooted
487  between prokaryotes and eukaryotes for presentation purposes (Supplemental File 2). The tree
488  was visualized and annotated using the ggtree package in R (v. 3.4.2) (131).
489

490 Inference of expansin horizontal genetransfer events

491  Twenty-one putative horizontal gene transfer events were identified by finding incongruences
492  between the expansin gene tree (Supplemental Figure 2) and the species taxonomy. To further
493 evaluate the strength of the relationships recovered at these 21 nodes, a Bayesian approach was
494  used to reconstruct the microbial expansin gene tree. Thiswas followed by pruning 259 taxa
495  from the dataset, leaving 350 taxain the reduced alignment (Supplemental File 3, Supplemental
496 File4), and rerunning a maximum likelihood analysis on the reduced dataset in 1Q-tree with the
497  same options and run parameters as the full tree (described above) (127). Using Mode Finder
498  implemented within IQ-treev. 1.6 (127), the WAG+G4 model was selected for the pruned

499  aignment. For the Bayesian phylogeny, the expansins from \itrella brassi caformis and

500 Emiliania huxlieyi were removed due to their extremely divergent sequences which may have
501 interfered with convergence of the Bayesian model. MrBayes (v 3.2.6) (132) was then used to
502  construct a Bayesian tree on the XSEDE cluster (133). Two independent runs were performed for
503 10 million generations, each with six chains using metropolis coupling with a heating parameter
504  of 0.005 and swap frequency of 1. Each chain was sampled every 500 generations and the first

505 1.5 million samples were discarded as burn-in. The log likelihood of both runs plateaued after
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506 ~1.5 million generations (Supplemental Figure 6) and both runs converged on asimilar tree
507 (standard deviation of split frequencies between runs = 0.020738. All parameters of the MCMC
508 algorithm are listed in Supplemental File 5. Because both runs converged on asimilar tree, a
509 magjority rule consensus tree was constructed from the sampled trees of run 1 (Supplemental File
510  6).
511

512 Ecological niche deter mination and phyl ogenetic tree annotation

513  For each microbia species with an expansin gene, a literature search was carried out to

514  determine the known ecological associations (Supplemental Table 4). For many species, there
515 waslittle or no documentation of the life history. Further, for many species, the existing

516  descriptions of ecological life history may be incomplete. For example, we recognize that the
517 classifications of ‘plant commensal’, ‘saprophyte’, and ‘soil dweller’ likely share significant
518 functional overlap, and many microbes may fit multiple of these overlapping categories. Many
519 microbes thought of (and researched) as ‘ soil dwellers' are likely also saprophytes, plant

520 commensals, and/or plant pathogens depending on the environmental conditions (92, 93, 134,
521  135). Despite these caveats, each species was assigned to only one of the following ecological
522  categories after evaluating the available ecological information: freshwater, marine, gut microbe,
523  soil dweller, plant commensal, plant pathogen, saprophyte, hot spring, sulfur mat, or wastewater.
524  The certainty (or lack thereof) for the ecological assignments for each speciesis also noted in
525  Supplemental Table 4. The expansin microbial phylogeny was annotated with the collected

526  ecological information in Supplemental Table 4 using the ggtree packagein R (v. 3.4.2) (136).
527

528 Identification of carbohydrate active domains fused to microbial expansin domains
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529 A comprehensive list of microbial expansin genes fused to carbohydrate active domains was
530 compiled by asearch of the nr database (121) with the keywords ‘expansin’ and ‘swollenin’. This
531 wasfollowed by a BLASTP search with the expansin-swollenin fusion from Trichoderma reesel
532  (Accession number: CAB92328.1) asa query. Both searches were constrained to records with a
533  hit score above 100 and more than 300 amino acid residues in length to exclude non-fused
534  expansin genes, which arenormally ~200-250 amino acidsin length. The matches that met these
535 two criteriawere retained as putative genes with expansin-carbohydrate fusions.
536  The presence of a carbohydrate active domain(s) was then evaluated with a batch CD-search
537  (137) and dbsCAN search which identified any carbohydrate active domains(138). Records that
538 shared more than 95% sequence identity to another record in the same species were considered
539 redundant and were removed. The expansin domains were then aligned in MAFFT with the plant
540 (AtEXPA4) and bacteria (BSEXLX1) reference expansin sequences (126). The expansin -
541  carbohydrate active domain fusion constructs were plotted next to the expansin gene tree using
542  ggtree and genoPlotR (139).
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553

554  Figurel. Distribution of expansinswithin major groups of the Tree of Life. The lineages
555  within Eukaryota and Bacteriathat have at least one species with an expansin gene are shown in
556  black, and the lineages without a species with an expansin gene arein gray. No expansin

557  homologs were detected in the available Archaeal genomes. Lineages with organisms that use
558 cellulose structurally are marked with a green dot. The phyla relationships are based on (59, 123,
559  140) for Eukaryota and (124) for Bacteria.

560

561 Figure 2. Ecological niches occupied by microbeswith expansins. The maximum likelihood
562  phylogenetic tree should be considered unrooted. Each branch is color-coded according to the
563 ecological life history of that taxon (Supplementary Table 4). The major taxonomic groups of the
564 tree are annotated with black bars. A proportional bar chart summarizing the distribution of

565 ecological life historiesis shown to the right of the mgor taxonomic groups. The scale bar,

566 amino acid substitutions per site. See Supplemental Figure 2 for the tree with the individual taxa
567  labels shown.

568

569 Figure3. Evidencefor horizontal exchange of expansin geneswithin and between Bacteria
570 and Eukaryota. The maximum likelihood phylogenetic tree should be considered unrooted.
571  Some groups are collapsed to improve presentation; these groups are marked with the number of
572 taxacollapsed at that tip. Well-supported nodes (Shimodaira—Hasegawa like approximate

573 likelihood ratio test > 70% and/or ultrafast bootstrap > 95%) are marked with black dots.

574  Branches are colored according to taxonomic classification. Nodes inferred to be involved in the
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575 HGT events are shown in bold and numbered (1-21), which correspond to their entriesin Table
576 3. Treescale bar, number of amino acid substitutions per site for the expansin tree.
577
578 Figure4. Genearchitecture and phylogenetic distribution of expansin genesthat are fused
579  with carbohydrate active domains. Maximum likelihood phylogenetic tree of microbial
580 expansin sequences should be considered unrooted. The tree branches are colored according to
581 taxonomy. Thetree scale bar isthe number of amino acid substitutions per site. In 49 species
582  wherethe expansin isfused to a carbohydrate active domain, the domain architectures are shown
583  next to the taxathat have them. The domain architecture diagrams are drawn to scale, with the
584  black line representing the length of the full nucleotide sequences of each gene, and carbohydrate
585 active domains as colored rectangles. The domain architecture scale bar isthe length (in
586 nucleotides) of the expansin and carbohydrate active domains.
587
588 Tablel. Distribution of microbial expansinsin major taxonomic groups.
589
500 Table 2. Presence of expansin genesin the‘Top 10° most important species of plant
591 pathogenic bacteria and fungi in a poll of plant pathologists by the journal Molecular Plant
592  Pathology (78, 141).
593
594 Table 3. Maximum likelihood and Bayesian support valuestesting statistical strength at 21
595 nodesrepresenting putative HGT events.
596

597  Supplemental Figure L egends
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598

599  Supplemental figure 1. Expansin protein structure. (A) Surface of the bacterial expansin

600 BsEXLX1 (PDB ID: 3D30). (B) Surface of the plant expansn ZmEXPB1 (PDB ID: 2HCZ). (C)
601 Ribbon representation of the bacterial expansn BSEXLX1 in complex with cellohexaose (PDB
602 ID: 4FER). On all panels, domains 1 and 2 are shown in dark grey and white, respectively;

603 residues crucia for binding cellulose are colored in blue, while residues important for loosening
604 of acdl wall are colored in yellow. On pand C, cellohexaose is shown in magenta.

605

606 Supplemental figure 2. Phylogenetic relationship among all 600 microbial expansins

607 inferred using maximum likelihood method. The tree should be considered unrooted. Each
608 branch is color-coded according to the taxonomic affiliation of the organism. Well-supported
609 nodes of the tree (Shimodaira—Hasegawa like approximate likelihood ratio test > 70% or ultrafast
610 bootstrap > 95%) are marked with black dots. The nodes where relationships conflict with

611 expected taxonomic relationships are numbered asin Figure 3 and Table 3. The scale bar, amino
612 acid substitutions per site.

613

614  Supplemental figure 3. Phylogenetic relationships among the detected microbial expansins
615 inferred using Bayesian approach. Thetree isthe majority rule consensus of the trees obtained
616 viaBayesian inference. Numbers at the nodes represent posterior probabilities of the nodes. The
617 tree should be considered unrooted. Each branch is color-coded according to the taxonomic

618 affiliation of an organism. The scale bar, amino acid substitutions per site.

619
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Supplemental figure 4. Phylogenetic relationships among the 350 selected microbial
expansinsinferred using maximum likelihood method. The tree should be considered
unrooted. Each branch is color-coded according to the taxonomic affiliation of an organism.
Support values for each node are from Shimodaira—Hasegawa like approximate likelihood ratio

test and ultrafast bootstrap analysis. The scale bar, amino acid substitutions per site.

Supplemental figure5: NCBI Common Treerepresentation of the speciestreefor all 491

microbial specieswith expansin genes

Supplemental figure 6. Trace plot of two independent runs of Bayesian infer ence. Two runs

reached stationary phase after ~1.5 million generations.

Supplemental table 1: List of microbial specieswith multiple expansin genes per genome.

Supplemental table 2. Number of publicly available genomesin the eukaryotic groups

depicted in Figure 1.

Supplemental table 3. Animals whose genomes ar e known to contain at least one expansin

gene.

Supplemental table 4. Ecological metadata for each microbial specieswith an expansin

gene.
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643  Supplemental table 5. Metadata for the 49 expansins that are fused with carbohydrate
644  activedomains.
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