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Abstracts 

English version 
The current biodiversity crisis has been essentially documented for plants and 
animals, thanks to the availability of historical data their populations and 
communities, in some cases dating back several centuries. What about 
microorganisms, and more specifically soil microorganisms? In the absence of 
archives from the past, the only available data on the impacts of current 
environmental changes on microbial diversity come mainly from short-term 
impact studies comparing soils subjected to different management practices.  

We observed that plant roots preserved in herbariums are occasionally 
surrounded by a sheath of rhizospheric soil that may have preserved traces of past 
microbial communities. In this thesis, we investigated which plants are best 
suited for preserving soil in herbarium collections and how these can be used to 
study past microbiomes and understand the effects of climate change and the 
intensification of agricultural practices that have occurred over the past two 
centuries. 

Through a citizen science project (Les Herbonautes), we created a curated 
database of herbarium specimens of major crop plants (more than 2000 
specimens in 14 species) cultivated in France. It contains information on the 
presence or absence of roots and soil in herbaria. It revealed that several species, 
particularly in the Poaceae, are better suited to preserve soil compared to plants 
with simpler root systems (like Fabaceae) or large plants (like Zea mays or 
Cannabis). DNA extraction performed on 30 herbarium soil samples associated 
to Triticum and Hordeum plants (collected between 1820 and 1980) allowed us 
to identify chemical and physical soil parameters that seem to affect soil DNA 
preservation. 

Thus using herbarium soils, we developed a molecular 
paleomicrobiological approach to study the diversity of ancient soil microbial 
communities. It is based on the extraction of ancient DNA from this material and 
on its systematic sequencing. Annotation of the resulting sequences illustrated 
the taxonomic of past rhizospheric microbial communities associated to several 
crop species (Avena, Secale, Triticum, Lactuca). Our results do suggest that 
herbarium soil seem to preserve traces of their original soil microbiome, which 
are very similar (in composition, identity of the most abundant taxa, alpha and 
beta diversity) to modern soil microbiomes. This approach should thus allow us 
to assess the long-term impact of global changes on these communities such as 
the intensification of farming practices and climate change.  
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French  version  
La crise actuelle de la biodiversité a été largement documentée pour les plantes 
et les animaux, grâce à la disponibilité de données historiques sur leurs 
populations et communautés, datant pour certaines de plus d'un siècle. Qu'en est-
il des micro-organismes, et plus spécifiquement des micro-organismes du sol ? 
En l'absence d'archives, les seules données disponibles sur l’impact des 
changements environnementaux sur la diversité microbienne proviennent 
d'études d'impact à court terme comparant des sols soumis à différentes pratiques 
et modes de gestion. 

Nous avons observé que les racines des plantes conservées dans les 
herbiers sont parfois entourées de sol rhizosphérique qui pourrait avoir préservé 
des traces des communautés microbiennes passées. Au cours de cette thèse, nous 
avons étudié quelles étaient les plantes les plus adaptées à la conservation du sol 
dans les collections d'herbiers et comment celles-ci pouvaient être utilisées pour 
étudier les microbiomes du passé et ainsi comprendre les effets du changement 
climatique et de l'intensification des pratiques agricoles sur ces communautés. 

Au travers d’un projet de science participative (Les Herbonautes), il a été 
créé une base de données des principales plantes cultivées en France (plus de 
2000 spécimens de 17 espèces) mentionnant la présence ou l'absence de racines 
et de sol dans les exemplaires d’herbiers. Ces annotations montrent que certaines 
espèces, notamment dans les Poaceae, retiennent plus fréquemment du sol par 
rapport aux plantes avec des systèmes racinaires plus simples (comme les 
Fabaceae) ou aux plantes de grandes tailles (Zea mays ou Cannabis). 
L'extraction d'ADN réalisée sur 30 échantillons de sol d'herbiers associés à des 
Triticum et Hordeum (collectés entre 1820 et 1980) nous a permis d’illustrer 
quels facteurs physico-chimiques du sol impactent sur la conservation de l'ADN 
dans les sols. 

Nous avons ainsi développé une approche paléomicrobiologique 
moléculaire, basée sur l'extraction et le séquençage de l’ADN ancien des sols 
d’herbier. L'annotation des séquences a révélé la diversité taxonomique des 
communautés microbiennes rhizosphériques passées associées à quatre espèces 
cultivées (Avena, Secale, Triticum, Lactuca). Nos résultats suggèrent que les sols 
d’herbier semblent avoir préservés les traces de leurs microbiomes originels qui 
sont très similaires (en composition, identité des taxa majeurs, diversités alpha et 
béta) des microbiomes de sols modernes. Cette approche nous permettra ainsi 
d'évaluer l'impact sur le long terme des changements globaux, tels que 
l'intensification des pratiques agricoles et le changement climatique, sur ces 
communautés microbiennes. 
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Italian version 
L'attuale crisi della biodiversità è stata essenzialmente documentata per quanto 
riguarda piante e animali, grazie alla disponibilità di dati storici sulle popolazioni 
e sulle comunità, in alcuni casi risalenti a più di un secolo fa. Tuttavia, ciò che è 
accaduto ai microrganismi, in particolare al microbioma del suolo, negli ultimi 
decenni rimane in gran parte sconosciuto. In assenza di dati storici sui 
microrganismi, le uniche informazioni disponibili sull’impatto degli attuali 
cambiamenti climatici sulla diversità microbica provengono da studi di breve 
durata, che confrontano suoli sottoposti a diverse pratiche di gestione agricola. 

Abbiamo osservato che le radici delle piante conservate negli erbari sono 
talvolta circondate da suolo che potrebbe aver conservato tracce molecolari delle 
comunità microbiche del passato. Nel corso di questa tesi, abbiamo studiato quali 
piante siano più adatte a conservare il suolo nelle collezioni d’erbario e come 
queste possano essere utilizzate per studiare i microbiomi del passato.  

Grazie a un progetto di citizen science (Les Herbonautes), è stato 
possibile creare un database delle principali piante coltivate in Francia (più di 
2000 campioni d’erbario di 14 specie), contenente informazioni sulla presenza o 
meno di radici e suolo nei campioni d'erbario. Questo ci ha permesso di osservare 
che piante come le Poaceae sono in grado di conservare meglio il suolo rispetto 
a piante con un apparato radicale più semplice (come le Fabaceae) o a piante di 
grandi dimensioni (Zea mays o Cannabis). Inoltre, l'estrazione del DNA da 30 
campioni d'erbario di suoli associati a due specie di Poaceae  (Triticum e 
Hordeum raccolti tra il 1820 e il 1980) ci ha permesso di studiare quali fattori 
chimici e fisici del suolo sembrano avere la maggiore influenza sulla 
conservazione del DNA. 

Parallelamente, utilizzando i suoli d'erbario, è stato sviluppato un 
approccio paleomicrobiologico molecolare basato sull'estrazione del DNA e sul 
sequenziamento metagenomico. L'annotazione delle sequenze ha permesso di 
investigare la composizione tassonomica delle comunità microbiche rizosferiche 
del passato associate a diverse piante coltivate (Avena, Secale, Triticum e 
Lactuca). È stato possibile dimostrare che i microbiomi degli erbari sembrano 
conservare tracce del microbioma originario del suolo e sono molto simili (per 
composizione, alfa e beta diversità) ai microbiomi moderni del suolo. 
In futuro, il suolo conservato negli erbari ci permetterà di valutare l'impatto a 
lungo termine dei cambiamenti globali, come l'intensificazione delle pratiche 
agricole e i cambiamenti climatici, sulle comunità microbiche del suolo. 
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Short abstracts 
 
English version  
The current biodiversity crisis is well documented thanks to historical data 
showing how human activities have significantly affected plants and animals. But 
what do we know about soil microorganisms? Unfortunately, very little; it 
remains largely a mystery. Without archives from the past, information on the 
effects of environmental change on microbial diversity comes mainly from short-
term studies and fails to describe what has really happened to the billions of 
microorganisms living in the soil over the last 200 years. 

To fill this knowledge gap, we discovered that plants preserved in 
herbaria can reveal traces of past microbial communities thanks to the study of 
soil trapped in their root systems. Through a citizen science project called "Les 
Herbonautes", we have created a database of over 2000 herbarium plants 
cultivated in France and collected information on the presence of roots and soil. 
We found that plants such as wheat (Poaceae) with complex root systems 
conserve soil better than plants with simpler roots such as legumes (Fabaceae) 
or plant of larger size such as maize or cannabis. Furthermore, by extracting DNA 
from herbarium soil samples collected between 1820 and 1980, we were able to 
investigate the main factors influencing DNA conservation in this ancient 
material. Finally, we developed a method to study these ancient microorganisms 
showing that those preserved in herbarium soils are very similar to today’s once. 

The study of herbarium soils will allow us to assess the long-term impact 
of global changes on soil microorganisms and help us understand the changes 
they have undergone over the past centuries. 
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French  version  
La crise actuelle de la biodiversité est bien documentée grâce à la présence de 
données historiques qui montrent comment l'activité humaine a eu un fort impact 
sur les plantes et les animaux. Mais que savons-nous des microorganismes du 
sol? Malheureusement, très peu ; cela reste en grande partie un mystère. Sans 
archives du passé, les informations sur les effets des changements 
environnementaux sur la diversité microbienne proviennent principalement 
d'études à court terme et ne parviennent pas à décrire ce qui est réellement arrivé 
au cours des 200 dernières années aux milliards de microorganismes qui vivent 
dans le sol. 

Pour résoudre ce mystère, nous avons découvert que les plantes 
conservées dans les herbiers peuvent révéler des traces des communautés 
microbiennes du passé grâce à l'étude du sol qui peut rester piégé dans leurs 
systèmes racinaires. Grâce à un projet de science participative appelé "Les 
Herbonautes", nous avons créé une base de données de plus de 2000 plantes 
cultivées en France, recueillant des informations sur la présence de racines et de 
sol dans les herbiers. Nous avons observé que des plantes comme le blé 
(Poaceae), avec des racines complexes, sont plus aptes à préserver le sol par 
rapport à des plantes avec des racines plus simples comme les légumineuses 
(Fabaceae) ou des plantes de plus grande taille comme le maïs ou le cannabis. 
De plus, grâce à l'extraction de l'ADN à partir d'échantillons de sol d'herbier 
recueillis entre 1820 et 1980, il a été possible d'étudier les principaux facteurs qui 
influencent la conservation de l'ADN dans ce matériau ancien. Enfin, nous avons 
développé une méthode pour étudier les microorganismes du passé, montrant que 
ceux conservés dans les herbiers sont très similaires à ceux des sols modernes. 

L'utilisation du sol des herbiers nous permettra d'évaluer l'impact à long 
terme des changements globaux sur les microorganismes du sol, nous permettant 
de comprendre les changements qu'ils ont subis au cours des derniers siècles. 
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Italian version  
L’attuale crisi della biodiversità è ben documentata grazie alla presenza di dati 
storici che mostrano come l’attività umana abbia avuto un forte impatto sulle 
piante e gli animali. Ma cosa sappiamo dei microrganismi del suolo? 
Sfortunatamente poco, in gran parte resta un mistero. Senza archivi dal passato, 
le informazioni sugli effetti dei cambiamenti ambientali sulla diversità microbica 
provengono principalmente da studi a breve termine e non riescono a descrivere 
cosa è realmente successo ai miliardi di microrganismi che vivono nel suolo negli 
ultimi 200 anni. 

Per risolvere questo mistero, abbiamo scoperto che le piante conservate 
negli erbari possono rivelare tracce delle comunità microbiche del passato 
attraverso lo studio del suolo che può rimanere intrappolato nelll’apparato 
radicale. Grazie a un progetto di citizen science chiamato "Les Herbonautes", 
abbiamo creato un database di oltre 2000 piante coltivate in Francia, raccogliendo 
informazioni sulla presenza di radici e suolo negli erbari. Abbiamo scoperto che 
piante come l grano (Poaceae), con un’architettura radicale complessa, sono più 
adatte a preservare il suolo rispetto a piante con radici più semplici come i legumi 
(Fabaceae) o piante di maggiori dimensioni come il mais o la Cannabis. Inoltre, 
attraverso l’estrazione del DNA da campioni di suolo d'erbario raccolti tra il 1820 
e il 1980 è stato possibile studiare i principali fattori che influenzano la 
conservazione del DNA all’interno di questo materiale antico. Infine, abbiamo 
sviluppato un metodo per studiare i microganismi del passato, mostrando che 
quelli conservati negli erbari sono molto simili a quelli moderni. 

L’utilizzo del suolo degli erbari ci permetterà di valutare l'impatto a lungo 
termine dei cambiamenti globali sui microganismi del suolo, permettendoci di 
comprendere i cambiamenti che hanno subito nel corso degli ultimi secoli. 
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Plant microbiomes in the anthropocene era  
Plant-associated microorganisms (the “plant microbiome”) encompass a wide 
range of harmful (pathogens), beneficial (e.g. mutualistic symbionts) and 
apparently “neutral” (e.g. asymptomatic endophytes) taxa belonging essentially, 
but not exclusively, to the Viruses, Bacteria and Fungi. While traditionally 
studied individually in research projects focusing on one plant and one symbiont 
or one pathogen, it is now widely accepted that plant health and fitness cannot be 
fully appreciated without considering its interaction with its whole microbiome 
(Busby et al., 2017). Plant-microbiome association results in a dense network of 
relationships and is currently described with the term ‘holobiont’, that considers 
this complex host-microbiome system as a single biological entity that can 
express extended phenotypes that the plant alone could not express (Chialva & 
Bonfante, 2018). Systemic acquired resistance, where plants acquire resistance 
to pathogens following stimulation by other interacting microorganisms 
represents a classical example of an extended phenotype (Selosse et al., 2014). 
More recent studies however demonstrate that plant-microbiome interactions 
cannot be restricted to the field of plant disease. These interactions can also affect 
agronomically important traits as diverse as flowering time or even the 
expression of heterosis in maize hybrid lines (Lu et al., 2018; Wagner et al., 
2021). 

In this framework, research projects have emerged to understand how 
plant recruit their microbiomes and how this process is affected by the 
environment including local microbial diversity and to identify key microbial 
taxa affecting, the most, plant phenotypes (Busby et al., 2017). In the context of 
plant cultivation, it is expected that manipulation of the plant microbiome could 
ultimately represent a mean to manipulate plant health and to optimize agronomic 
characters while minimizing the use of inputs, either pesticides or mineral 
fertilizers (Agoussar & Yergeau, 2021). Recently it was also demonstrated that 
agricultural practices strongly impact the communities of plant-associated 
microorganisms, not only from a purely taxonomic point of view, but also from 
a functional one. For example, in the case of soil fungi, agricultural 
intensification has been shown to reduce the complexity of symbiont networks 
(Banerjee et al., 2019) and the balance between pathogens and mutualists 
(Lekberg et al., 2021). In the case of soil bacteria, a recent study has revealed that 
repeated herbicide applications result in an increase in the prevalence of 
antibiotic-resistance genes (Liao et al., 2021). 
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Intensification of agricultural practices represents one component of the 
many global changes that characterize the Anthropocene. Several other global 
changes such as global warming, widespread pollution, biodiversity losses and 
biological invasions are all likely to have impacted both the local and global 
diversity of plant-associated microorganisms. However, these impacts have 
largely gone unseen and have not been evaluated in the absence of historical 
records of microbial diversity. Exceptions to this assertion regard the historical 
spread of specific (crop) plant diseases (Yoshida et al., 2013) or the intentional 
introduction of symbionts or biological control agents (Jack et al., 2021). 
Consequently, most studies that monitor the impact of environmental changes on 
plant/soil microbial diversity are short-term synchronic ones based on the 
comparison of present-day situations, rather than diachronic studies based on the 
study of medium/long-term time series of environmental (plant/soil) samples. 
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Objectives of the thesis 
 
The long-term (“distal”) scientific objective of the research project underlying 
this PhD thesis is to evaluate the putative changes in communities of (crop) 
plant-associated microbes that took place in the last 100-150 years, a period 
that corresponds to the emergence and establishment of the Anthropocene. One 
recent characteristics of the Anthropocene is farming intensification 
characterized by mechanization, introduction of high yield crop varieties and 
the “massive” use of mineral fertilizers and of pesticides. 
 
This research project, called “Holoherbarium”, is based on the study of “past” 
plant and soil microbiomes associated to herbarium plant specimens. Plants in 
these collections (including cultivated ones) have been collected in the period of 
interest (~100-150 years – today) and indeed contain the molecular (DNA) 
signature of their associated microbial communities (either bacteria, leaf fungal 
endophytes or root fungal symbionts) as demonstrated by the preliminary studies 
of Bieker et al. (2020); Daru et al. (2021); Heberling & Burke (2019) or Weiß et 
al. (2020). We would like to propose rhizospheric soil, occasionally (and 
involuntarily) collected and preserved around the roots of herbarium plants 
(especially herbaceous taxa such as cereals), as historical soil samples giving 
access to historical soil microbiomes. 

Thus, the molecular study of herbarium plants (and soils) collected 
“before”, and “during” the exponential “acceleration” of global changes should 
inform us on how and to what extent these changes have durably affected the 
plant microbiome, widely recognized as an essential component of plant health. 

Considering the almost absence of published reports in this field, the 
short-term (“proximal”) objectives of the PhD project were, more specifically, 
to (1) validate herbaria as repositories of ancient cultivated soils that could 
represent a source of ancient soil microbiomes, (2) establish and validate 
laboratory protocols and analytical “pipelines” to study the diversity of 
herbarium-associated microbial communities and (3) demonstrate that these 
communities do reflect the original “living” communities associated to the 
plants at the time of their sampling. 
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Identification of these communities was performed based on the analysis 
of taxonomically informative historical DNA of microbial origin directly 
extracted from herbarium soil plant root samples. As described above, while a 
similar strategy has been already followed to trace individual microbial species 
(pathogens) associated to herbarium plants, to one exception that regarded leaves 
(Bieker et al. 2020), it has not been developed for entire root/soil communities. 
This strategy has however already been validated in the case of ancient microbial 
communities from sediments (Pearman et al., 2022; Siano et al., 2021) or 
animal/human remains such as paleofeces or dental calculus (Fellow Yates et al, 
2021; Ottoni et al., 2021; Maixner et al. 2021, Wibowo et al.,2021). 

The research work is presented in different chapters of the manuscript. 
Chapter 1 focuses on paleomicrobiology, an emerging discipline that allows the 
study of past microorganisms and has been utilized throughout my thesis work. 
Chapter 2 addresses the topic of herbaria as an invaluable resource for scientific 
research. Chapter 3 addresses the methodological challenges, that regard the 
creation of a specific protocol for the extraction of DNA from root and soil 
samples originating from herbarium specimens and the bioinformatic processing 
of the resulting DNA sequences. Chapter 4 explores the possibility of extending 
this analysis to different genera of plants and describes how the analysis of 
herbarium soils can be generalized to many different types of soils collected over 
a period encompassing most of the 19th and 20th centuries. Chapter 5 explores 
root and soil microbial communities associated to four crop species specimens 
collected in the early 20th century. It demonstrates that herbarium root and soil 
microbiomes are similar to and obey to similar assembly rules as extant ones. 
Finally, Chapter 6 outlines future perspectives, particularly the initiation of a 
new project on the study of agricultural soil microbial community’s evolution 
over the past 200 years through the comparison of herbarium and extant soil 
samples collected all over mainland France. 
  



 

 16 

References 
Agoussar, A., & Yergeau, E. (2021). Engineering the plant microbiota in the context of the theory 

of ecological communities. Current Opinion in Biotechnology, 70, 220–225. 
https://doi.org/10.1016/j.copbio.2021.06.009 

Banerjee, S., Walder, F., Büchi, L., Meyer, M., Held, A. Y., Gattinger, A., Keller, T., Charles, 
R., & van der Heijden, M. G. A. (2019). Agricultural intensification reduces microbial 
network complexity and the abundance of keystone taxa in roots. The ISME Journal, 13(7), 
1722–1736. https://doi.org/10.1038/s41396-019-0383-2 

Bieker, V. C., Barreiro, F. S., Rasmussen, J. A., Brunier, M., Wales, N., & Martin, M. D. (2020). 
Metagenomic analysis of historical herbarium specimens reveals a postmortem microbial 
community. Molecular Ecology Resources, 20(5), 1206–1219. 
https://doi.org/10.1111/1755-0998.13174 

Busby, P. E., Soman, C., Wagner, M. R., Friesen, M. L., Kremer, J., Bennett, A., Morsy, M., 
Eisen, J. A., Leach, J. E., & Dangl, J. L. (2017). Research priorities for harnessing plant 
microbiomes in sustainable agriculture. PLOS Biology, 15(3), e2001793. 
https://doi.org/10.1371/journal.pbio.2001793 

Chialva, M., & Bonfante, P. (2018). Plant microbiota: From model plants to Mediterranean crops. 
In Phytopathologia Mediterranea (Vol. 57, Issue 1, pp. 123–145). Firenze University Press. 
https://doi.org/10.14601/Phytopathol_Mediterr-22052 

Daru, B. H., Davies, T. J., Willis, C. G., Meineke, E. K., Ronk, A., Zobel, M., Pärtel, M., 
Antonelli, A., & Davis, C. C. (2021). Widespread homogenization of plant communities in 
the Anthropocene. Nature Communications 2021 12:1, 12(1), 1–10. 
https://doi.org/10.1038/s41467-021-27186-8 

Fellows Yates, J. A., Velsko, I. M., Aron, F., Posth, C., Hofman, C. A., Austin, R. M., Parker, C. 
E., Mann, A. E., Nagele, K., Arthur, K. W., Arthur, J. W., Bauer, C. C., Crevecoeur, I., 
Cupillard, C., Curtis, M. C., Dalen, L., Bonilla, M. D. Z., Fernandez-Lomana, J. C. D., 
Drucker, D. G., … Warinner, C. (2021). The evolution and changing ecology of the African 
hominid oral microbiome. Proceedings of the National Academy of Sciences of the United 
States of America, 118(20), e2021655118. 
https://doi.org/https://www.pnas.org/doi/abs/10.1073/pnas.2021655118 

Heberling, J. M., & Burke, D. J. (2019). Utilizing herbarium specimens to quantify historical 
mycorrhizal communities. Applications in Plant Sciences, 7(4). 
https://doi.org/10.1002/APS3.1223  

Jack, C. N., Petipas, R. H., Cheeke, T. E., Rowland, J. L., & Friesen, M. L. (2021). Microbial 
Inoculants: Silver Bullet or Microbial Jurassic Park? Trends in Microbiology, 29(4), 299–
308. https://doi.org/10.1016/j.tim.2020.11.006 

Lekberg, Y., Arnillas, C. A., Borer, E. T., Bullington, L. S., Fierer, N., Kennedy, P. G., Leff, J. 
W., Luis, A. D., Seabloom, E. W., & Henning, J. A. (2021). Nitrogen and phosphorus 
fertilization consistently favor pathogenic over mutualistic fungi in grassland soils. Nature 
Communications, 12(1), 3484. https://doi.org/10.1038/s41467-021-23605-y 

Liao, H., Li, X., Yang, Q., Bai, Y., Cui, P., Wen, C., Liu, C., Chen, Z., Tang, J., Che, J., Yu, Z., 
Geisen, S., Zhou, S., Friman, V.-P., & Zhu, Y.-G. (2021). Herbicide Selection Promotes 
Antibiotic Resistance in Soil Microbiomes. Molecular Biology and Evolution, 38(6), 2337–
2350. https://doi.org/10.1093/molbev/msab029 

Lu, T., Ke, M., Lavoie, M., Jin, Y., Fan, X., Zhang, Z., Fu, Z., Sun, L., Gillings, M., Peñuelas, J., 
Qian, H., & Zhu, Y.-G. (2018). Rhizosphere microorganisms can influence the timing of 
plant flowering. Microbiome, 6(1), 231. https://doi.org/10.1186/s40168-018-0615-0 

Maixner, F., Sarhan, M. S., Huang, K. D., Tett, A., Schoenafinger, A., Zingale, S., Blanco-
Míguez, A., Manghi, P., Cemper-Kiesslich, J., Rosendahl, W., Kusebauch, U., Morrone, S. 

https://doi.org/10.1016/j.copbio.2021.06.009
https://doi.org/10.1038/s41396-019-0383-2
https://doi.org/10.1371/journal.pbio.2001793
https://doi.org/10.14601/Phytopathol_Mediterr-22052
https://doi.org/10.1038/s41467-021-27186-8
https://doi.org/10.1038/s41467-021-23605-y
https://doi.org/10.1186/s40168-018-0615-0


 
 

17  

R., Hoopmann, M. R., Rota-Stabelli, O., Rattei, T., Moritz, R. L., Oeggl, K., Segata, N., 
Zink, A., … Kowarik, K. (2021). Hallstatt miners consumed blue cheese and beer during 
the Iron Age and retained a non-Westernized gut microbiome until the Baroque period. 
Current Biology, 31(23), 5149-5162.e6. https://doi.org/10.1016/j.cub.2021.09.031 

Ottoni, C., Boric, D., Cheronet, O., Sparacello, V., Dori, I., Coppa, A., Antonovic, D., Vujevic, 
D., Price, T. D., Pinhasi, R., & Cristiani, E. (2021). Tracking the transition to agriculture in 
Southern Europe through ancient DNA analysis of dental calculus. Proceedings of the 
National Academy of Sciences of the United States of America, 118(32), e2102116118. 
https://doi.org/https://www.pnas.org/doi/abs/10.1073/pnas.2102116118 

Pearman, J. K., Biessy, L., Howarth, J. D., Vandergoes, M. J., Rees, A., & Wood, S. A. (2022). 
Deciphering the molecular signal from past and alive bacterial communities in aquatic 
sedimentary archives. Molecular Ecology Resources, 22(3), 877–890. 
https://doi.org/10.1111/1755-0998.13515 

Selosse, M.-A., Bessis, A., & Pozo, M. J. (2014). Microbial priming of plant and animal 
immunity: Symbionts as developmental signals. Trends in Microbiology, 22(11), 607–613. 
https://doi.org/10.1016/j.tim.2014.07.003 

Siano, R., Lassudrie, M., Cuzin, P., Briant, N., Loizeau, V., Schmidt, S., Ehrhold, A., Mertens, 
K. N., Lambert, C., Quintric, L., Noël, C., Latimier, M., Quéré, J., Durand, P., & Penaud, 
A. (2021). Sediment archives reveal irreversible shifts in plankton communities after World 
War II and agricultural pollution. Current Biology, 31(12), 2682-2689.e7. 
https://doi.org/10.1016/J.CUB.2021.03.079 

Wagner, M. R., Tang, C., Salvato, F., Clouse, K. M., Bartlett, A., Vintila, S., Phillips, L., 
Sermons, S., Hoffmann, M., Balint-Kurti, P. J., & Kleiner, M. (2021). Microbe-dependent 
heterosis in maize. Proceedings of the National Academy of Sciences, 118(30), 
e2021965118. https://doi.org/10.1073/pnas.2021965118 

Weiß CL, Schuenemann VJ, Devos J, Shirsekar G, Reiter E, Gould BA, Stinchcombe JR, Krause 
J, Burbano HA. 2016 Temporal patterns of damage and decay kinetics of DNA retrieved 
from plant herbarium specimens.R. Soc. open sci.3: 160239. 
http://dx.doi.org/10.1098/rsos.160239 

Wibowo, M. C., Yang, Z., Borry, M., Hübner, A., Huang, K. D., Tierney, B. T., Zimmerman, S., 
Barajas-Olmos, F., Contreras-Cubas, C., García-Ortiz, H., Martínez-Hernández, A., Luber, 
J. M., Kirstahler, P., Blohm, T., Smiley, F. E., Arnold, R., Ballal, S. A., Pamp, S. J., Russ, 
J., … Kostic, A. D. (2021). Reconstruction of ancient microbial genomes from the human 
gut. Nature, 594(7862), 234–239. https://doi.org/10.1038/s41586-021-03532-0 

Yoshida, K., Schuenemann, V. J., Cano, L. M., Pais, M., Mishra, B., Sharma, R., Lanz, C., Martin, 
F. N., Kamoun, S., Krause, J., Thines, M., Weigel, D., & Burbano, H. A. (2013). The rise 
and fall of the Phytophthora infestans lineage that triggered the Irish potato famine. ELife, 
2(2), 731. https://doi.org/10.7554/ELIFE.00731 

 
  

https://doi.org/10.1111/1755-0998.13515
https://doi.org/10.1073/pnas.2021965118
http://dx.doi.org/10.1098/rsos.160239
https://doi.org/10.1038/s41586-021-03532-0
https://doi.org/10.7554/ELIFE.00731


 

 18 

 
 
 

 
 
 
 
 
 
 
 

Chapter1. Paleomicrobiology: Tracking the past microbial 

life from single species to entire microbial communities 
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This introductory chapter consists of a review paper published in Microbial 
Biotechnology entitled 'Tracking the past microbial life from single species to 
entire microbial communities'. A shorter, popular science version of this article 
appeared in the online “The Microbiologist” journal: G. Grasso, V. Bianciotto 
and R. Marmeisse (2024) ‘Shining a light on microbes from the past with 
molecular paleomicrobiology’ (https://www.the-
microbiologist.com/features/shining-a-light-on-microbes-from-the-past-with-
molecular-paleomicrobiology/2115.article).  

This chapter describes and discusses an emerging discipline, exploited in 
my research work, known as molecular paleomicrobiology. This discipline 
makes use of degraded ancient DNA (or RNA) to highlight the occurrence of 
microorganisms and their genetic makeup directly in ancient samples. The field 
is expanding rapidly, propelled by technologies like very-high-throughput 
sequencing, enabling researchers to explore periods ranging from decades to 
hundreds of thousands of years before present. 

 
Molecular paleomicrobiology is at the heart of my PhD thesis work that aims 
at highlighting the diversity and evolution of ancient plant-associated 
microbial communities associated to plant specimens stored in herbarium 
collections. To better approach this objective, it is essential to be familiar with 
the latest developments in this field of research, of the latest technical 
developments and scientific breakthrough. 

 
Thus far, molecular paleomicrobiology has essentially concentrated on 

the evolution and diffusion of pathogens. Among these, Yersinia pestis, the 
causal agent of plague, has been the focus of the highest number of published 
studies. However, several other pathogens have been targeted, not only bacteria 
(e.g., Mycobacterium sp.), but also viruses (e.g., Hepatitis B virus), or eukaryotes 
(e.g., the Oomycete Phytophthora infestans), infecting either animal/human or 
plant species. 

Paleomicrobiology extends however beyond single individual microbial 
species to encompass entire microbial communities associated with macro-
organisms such as humans, animals, or plants. These host-associated microbial 
communities are influenced by various factors including the host's identity 
(species, genotype), lifestyle (diet, health status), and local environment. Several 
studies in molecular paleomicrobiology have tried to understand how factors like 

https://www.the-microbiologist.com/features/shining-a-light-on-microbes-from-the-past-with-molecular-paleomicrobiology/2115.article
https://www.the-microbiologist.com/features/shining-a-light-on-microbes-from-the-past-with-molecular-paleomicrobiology/2115.article
https://www.the-microbiologist.com/features/shining-a-light-on-microbes-from-the-past-with-molecular-paleomicrobiology/2115.article
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the host's characteristics, where they lived, their environment, and their 
interactions with other organisms affected the evolution of their microbiomes 
over time. This is an important issue since microbiomes are known to affect the 
health and survival of their hosts. Finally, paleomicrobiology can also investigate 
free-living microbial communities trapped in environmental matrices as diverse 
as freshwater or marine sediments, ancient soils, permafrost or ice cores. These 
microbial communities make it possible to reconstruct the history of ecosystems 
over geological timescales and reveal shifts and changes in microbial 
communities that have occurred in response to natural or anthropogenic events. 
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Introduction 
Archaea, bacteria and unicellular eukaryotes are certainly the oldest forms of life 
on Earth. They originated about 3.5 Gyr ago and participated in the formation of 
the original biosphere. They first inhabited the earth’s anoxic environment and 
then enabled its oxygenation (Falkowski et al., 2008; Fischer et al., 2016). 
Although they played essential roles in ancient and modern environments, 
temporal patterns of evolution and diversification of microorganisms are poorly 
known because of the scarcity of fossil records whose taxonomic assignments are 
often problematic. With few notable exceptions (e.g. foraminifera, diatoms), 
most microbial cells do not produce mineralized structures and their often 
indistinctive shapes and structures preclude precise identification of fossilized 
microbial taxa based on morphological examination (Xie & Kershaw, 2012). 
Furthermore, even for taxa well represented in the fossil records, such as the 
Foraminifera, the existence of clades comprising naked unfossilized species may 
prevent a correct interpretation of their patterns of evolution over time when 
exclusively based on fossil data (Pawlowski et al., 2003). Thus, as opposed to 
ancient fauna and flora (McElwain & Punyasena, 2007; Raup, 1982; Signor, 
1994), the rarity of taxonomically assignable paleontological specimens 
illuminates only a small sliver of the real past microbial diversity and makes it 
difficult to investigate microbial evolution, diversification and functional 
significance across the different geological eras.  
For these reasons, evolution and diversification of microorganisms have been 
largely inferred from molecular phylogenetic reconstructions that make use of 
DNA/protein sequences of extant species (Nee, Holmes, et al., 1994; Nee, May, 
et al., 1994; Michael J., 1996; Morlon, 2014; Stilianos Louca et al., 2018). 
However, these phylogenies are difficult to time calibrate, precisely because of 
the absence, gaps or imprecision of microbial fossil records that could be used as 
landmarks. Molecular phylogenies also hardly predict the potential existence and 
functions (ecological roles) of extinct clades that are thought to exceed extant 
ones in number (Stilianos Louca et al., 2018; Tricou et al., 2022). To date, a 
global microbial life pattern of evolution remains largely unresolved and only 
few studies focus on their past diversification patterns (Morlon et al., 2012; Lorén 
et al., 2014; Gubry-Rangin et al., 2015; Lebreton et al., 2017; Marin et al., 2017; 
Stilianos Louca et al., 2018). 
Furthermore, until a very recent past, most of diversity and global phylogenetic 
studies also suffered from the lack of a global view regarding the magnitude of 
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extant microbial diversity not only in terms of absolute number of taxa whose 
estimates vary by several orders of magnitude in the case of Bacteria and Archaea 
(Loucaid et al., 2019; Lennon & Locey, 2020), but also in terms of phylogenetic 
diversity. Regarding this last aspect, the gap is rapidly closing thanks to the 
multiplication of metagenomics studies that give access to the genome sequences 
(so-called Metagenome assembled genomes, MAGs) of species belonging to, 
thus far, overlooked microbial clades (Hug et al., 2016; Nayfach et al., 2021). 
While the previous paragraphs exposed the obstacles to which one is confronted 
when addressing microbial evolution, past diversity and contribution to 
ecosystem processes in a “distant past”, these obstacles partially vanish when 
referring to a “recent past”. This is made possible thanks to the emergence of 
paleogenetics/paleogenomics that analyses microbial DNA preserved in ancient 
environmental samples as diverse as sediment cores, archaeological artefacts, 
long buried animal/human skeletons, or items preserved in natural history 
collections (Fig. 1). Indeed, ancient DNA (aDNA, but also RNA or proteins) that 
survives through time to the death of any organism can be regarded as a fossil 
trace of the corresponding organism and can be interrogated to retrace the 
“recent” evolution of the corresponding species or group of species (Arning & 
Wilson, 2020; Kistler et al., 2020; Orlando, 2020; Orlando et al., 2021; 
Raxworthy & Smith, 2021; Siano et al., 2021). Besides specific taxa, aDNA 
studies also make the exploration of entire communities of (micro)organisms 
from the past possible, providing a comprehensive vision of their diversity and 
functional roles in their original ecosystems. 
The aim of this review is to highlight, through the description of selected 
examples, the different facets and main achievements of molecular 
paleomicrobiology. In this article, which does not claim to be exhaustive, 
technical and theoretical issues of paleogenetics/paleogenomics that have been 
reviewed many times and that are not at the heart of this article, will only be 
briefly mentioned (Warinner et al., 2017; Brunson & Reich, 2019). We separately 
illustrate and discuss studies that focus (i) on individual microbial taxa and those 
that probe (ii) entire microbial communities whatever the environment they 
originate from. Finally, we will conclude by suggesting what could be the 
potential contribution of molecular paleomicrobiology to the field of microbial 
biotechnology. 
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Molecular paleomicrobiology as a discipline 
Time frame 
Molecular paleomicrobiology, based on the analysis of degraded ancient DNA 
(or eventually RNA) is a discipline that presents several specificities. It is based 
on a diachronic approach that documents the occurrence of microorganisms and 
their original genetic make-up directly in ancient samples as diverse as 
environmental (e.g. soils or sediments) or archaeological ones to compare the 
ancient samples to those of today. It is thus different from phylogenetic-based 
approaches that reconstruct past evolutionary events in silico, using information 
obtained on extant organisms. Although the prefix “paleo” commonly refers to a 
“distant” past, it seems preferable not to impose a minimum temporal threshold 
to molecular paleomicrobiology that studies organisms with often very short 
generation times that can acquire adaptive mutations in far shorter time spans 
compared to most “macroorganisms”. Thus, a study published in 2016 (Worobey 
et al., 2016) that investigated the initial events of the AIDS epidemics in North 
America in the 1970s based on the extraction and sequencing of degraded RNA 
molecules from circa 40-year-old archived blood samples to reconstruct HIV 
genomes clearly belongs to the research field from both a technical and scientific 
point of view. 

Ancient DNA (aDNA) 
Indeed, a second specificity of the discipline, detailed in several technical reviews 
(Pedersen et al., 2015; Rivera-Perez et al., 2016; Warinner et al., 2017; Afouda 
et al., 2020; Orlando et al., 2021), is to deal with aDNA, a material often difficult 
to access, limiting in quantity and degraded. Its extraction and manipulation 
require the implementation, by specifically-trained scientists, of particular 
protocols in dedicated laboratories (clean rooms, Cooper & Poinar, 2000; 
Orlando et al., 2021). As in 2023, the oldest DNA sample ever analyzed was 
extracted from two-million-year-old frozen sediments in Greenland and allowed 
reconstructing the entire ecosystem that shaped this region at that time (Kjær et 
al., 2022). 
Ancient DNA is more complex to analyze compared to modern one due to the 
presence of postmortem damages (PMDs) resulting in DNA fragmentation and 
base modifications (Dabney et al., 2013, Fig. 2). These PMDs are essentially the 
result of depurination and deamination. Depurination, i.e. the loss of adenine and 
guanine bases, is the consequence of cleavage of β-N-glycosidic bonds and is at 
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the origin of DNA fragmentation producing very short fragments of mostly less 
than 100 bp in length. The rate of DNA fragmentation is however environment-
dependent. While aDNA extracted from one hundred-year-old plant herbarium 
specimens is mostly made of fragments in the range 40-150 bp (Staats et al., 
2011; Yoshida et al., 2013), aDNA extracted from more than 10,000 years-old 
lake sediments can still be mostly made of fragments larger than 100 bp (Talas 
et al., 2021). Consequently, studies carried out on sedimentary DNA can 
implement metabarcoding approaches based on the amplification of barcode 
DNA sequences sometime larger than 200 bp. This approach would be 
inoperative for highly degraded DNA samples. 
As for “spontaneous” cytosine deamination, it leads to the conversion of cytosine 
to uracil and results in the incorporation of adenine on the complementary strand 
instead of guanine during in vitro DNA synthesis. Cytosine deamination occurs 
at a higher frequency in single-stranded ends of degraded DNA molecules. While 
age of the specimen represents one of the main factors that controls the magnitude 
of PMDs, other factors like local temperature, depositional conditions, post-

 

Figure 1. Main types of historical samples used as sources of ancient microbial DNA. These 
samples can be extremely ancient as Bronze Age teeth or dental calculi or much more recent such 
as often less than 100-year-old herbarium plants. These samples have been used to study either 
specific (often pathogenic) microbial species or entire communities. 
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excavation handling, specimen treatment and source tissue also influence aDNA 
conservation (Arning & Wilson, 2020). 
Thus, besides the “wet lab” manipulation of degraded DNA, paleogenetics, 
including molecular paleomicrobiology, relies on a suite of adapted 
bioinformatics tools to extract relevant information from very short DNA 
sequences and to quantify chemical alterations that represent signatures of the 
ancient origin of the studied nucleic acids. Detection of these chemical 
modifications is performed by specific software like PMDTools (Skoglund et al., 
2014) or mapDamage (Jónsson et al., 2013) which quantify C-T and G-A 
transitions at the ends of the aDNA fragments. 

A dialog between disciplines 
Finally, a third specificity of paleomicrobiology is to frequently require close 
collaborations between microbiologists and specialists of other disciplines 
sometimes from humanities, such as historians, archaeologists, 
paleoanthropologists, paleopathologists, paleoclimatologists, geologists, or 
curators of collections of natural history or of anthropology. These collaborations 
are necessary to localize, identify, date and access relevant historical samples 
with the highest probability to contain usable DNA traces of the studied microbial 
species or microbial communities and also to “contextualize” these samples in 
their original, historical environment (Kuyl, 2022). 
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Figure 2. Main characteristics of ancient DNA. While DNA extracted from living organisms 
is made of long molecules, often exceeding 1 kbp in length and perfectly representativeof the 
original organism's genomic sequence, ancient DNA extracted from historical samples has 
experienced post-mortem damages. They lead to DNA fragmentation (fragments often shorter 
than 100bp) and base modifications altering the original sequence. Thus, cytosine deamination 
produces uracil, preferentially at the ends of the molecules. Photo credits: modern plant 
samples: ©Herbier LY, FR-CERESE, UCBLyon1 Recolnat portal (https://explore.recolnat. 
org/) under accessions LY0662689. 
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Single species approach 
Numerous molecular paleomicrobiology studies focus on a specific microbial 
taxon. Most of them are pathogens, primarily human ones, bacteria or viruses. 
The field of investigation is likely to widen rapidly, with the emergence of studies 
in the field of plant pathology as well as the availability of genomes of non-
pathogenic, often uncultivable species reconstructed in silico (so-called MAGs, 
for metagenome-assembled genomes) from massive sequencing data of 
"microbial paleo-communities" (Marx, 2016; Bos et al., 2019; Granehäll et al., 
2021; Wibowo et al., 2021). This section of the manuscript takes as a main 
example the studies on the human plague that illustrate a posteriori the specificity 
of the discipline presented in the introductory section. 

The history of the plague bacterium 

Before paleogenomic studies of plague, there were a number of certainties about 
the nature of this disease, but also a number of uncertainties that could be not 
addressed using currently circulating bacterial strains. First of all, it is caused by 
Yersinia pestis, which was first isolated in China in 1894 during the last great 
plague epidemic (the so-called 3rd pandemic). The main reservoir of this disease 
is wild rodents, and it is essentially transmitted from animals to humans through 
the bites of infected fleas. This form of transmission leads to the bubonic form of 
the disease, which takes its name from the swelling of lymph nodes. The disease, 
in rarer cases, can be transmitted directly from humans to humans through the 
respiratory tract where it leads to a pulmonary infection that is also usually fatal. 
In the absence of appropriate treatment, the infection leads to very high mortality 
rates during epidemic episodes. Y. pestis, whose genome has been sequenced 
many times (more than 600 genomes available in GenBank in 2023), has been 
the subject of numerous experimental studies which have identified many genes 
involved in the virulence and aggressiveness of this bacterium in humans as well 
as in the insect vector (Demeure et al., 2019; Hinnebusch et al., 2021). Some of 
these genes are carried by plasmids. 
None of the studies conducted on modern strains of Y. pestis could however 
confirm that the so-called "plague" epidemics, prior to the late 19th century one, 
were caused by the same pathogen despite the similarity of symptoms reported 
in historical texts and illustrations. The pandemic that broke out in China in the 
second half of the 19th century is referred to as the 3rd pandemic. It followed a 
first one called the Justinian pandemic (6th-8th century AD) and a second one 
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(14th-18th century) that peaked in Europe as the Black Death in 1347-1351, 
decimating up to 60% of the population locally. After a phase of decline, each of 
these pandemics gave rise to more localized epidemic episodes. 
In this context, the paleomicrobiological approach is a priori the only one that 
could answer a set of questions, common to many other infectious diseases. (i) 
Are the historical cases of the disease (here the 1st and 2nd pandemics) 
attributable to the same infectious agent? (ii) Did several distinct 
strains/evolutionary lineages of the pathogen circulate during a single pandemic? 
(iii) Are successive pandemics/epidemics due to the re-emergence of the 
evolutionary lineage that predominated during the previous pandemic? (iv) Can 
infections be documented in humans at earlier dates for which documentary 
sources do not exist? And (v), what can the analysis of ancient strains teach us 
about the temporal evolution of the pathogen's virulence? 
If certain diseases lead to bone alterations such as tuberculosis (bone 
tuberculosis) or leprosy, thus allowing human remains to be targeted for 
paleomicrobiological studies, this is not the case for plague. Nevertheless, the 
high mortality induced by the disease is known to lead to a modification of 
funerary practices characterized by the burial of bodies not in individual, but in 
collective graves. aDNA of Y. pestis has thus been successfully extracted 
essentially from the dental pulp of teeth, a densely vascularized tissue, taken from 
skeletons found in collective graves of the different pandemics (Harbeck et al., 
2013; Bos et al., 2016; Spyrou et al., 2016; Susat et al., 2020). Several research 
groups have independently been able to reconstitute entire genomes of Y. pestis 
either directly from systematic sequencing of the extracted aDNA, or after 
enrichment in Y. pestis DNA by sequence capture (Bos et al., 2016; Spyrou et al., 
2016). This first set of results validated the hypothesis that the first two plague 
pandemics (6th-8th century and 14th-18th century) were indeed due to Y. pestis 
found in numerous sites covering a vast territory in Eurasia and several decades 
(Harbeck et al., 2013; Bos et al., 2016; Susat et al., 2020; Bramanti et al., 2021; 
Spyrou et al., 2022). 
Integration of ancient and modern genomic sequences into a global phylogeny of 
the Y. pestis species showed that strains from the same pandemic tend to cluster 
together to form distinct lineages, suggesting that major pandemics do not result 
from the re-emergence of strains that produced the previous ones (Bramanti et 
al., 2021; Hinnebusch et al., 2021). The earliest evidence of the evolutionary 
lineage of the second pandemic dates from 1338-1339 and was found in 
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Kyrgyzstan, suggesting that it originated in Central Asia (Spyrou et al., 2022). It 
was always members of this lineage that caused epidemic rebounds more than 3-
4 centuries later in Europe (Bos et al., 2016; Bramanti et al., 2021; Spyrou et al., 
2022). 
To address the diffusion of Y. pestis before the first documented pandemics, a 
systematic screening for the presence of the bacterium sequences in DNA 
extracted from human remains buried individually or collectively was necessary. 
This more tedious approach led to the reconstruction of 17 ancient Y. pestis 
genomes among a set of 252 human skeletons dating from 5000 to 2500 y BP 
and over a territory ranging from the Iberian Peninsula in the West to Mongolia 
in the East (Valtueña et al., 2022). The ability to infect humans thus predates the 
recorded three pandemics (Valtueña et al., 2017, 2022; Spyrou et al., 2018; 
Rascovan et al., 2019). The fact that many infected bodies were buried 
individually suggested that these cases of historical infections may not have led 
to mass mortality. 
We thus now have a substantial number of genomes of historical Y. pestis strains 
covering a period of time of more than 5000 years. As we have just summarized, 
the comparison of these genomes allows the construction of time-calibrated 
molecular phylogenies and traces "objectively" the course of epidemics and 
movements of these pathogens on different time and spatial scales (Spyrou et al., 
2018; Rascovan et al., 2019; Valtueña et al., 2022). Besides phylogenetic 
reconstructions, confrontation of the gene content of ancient genomes with our 
current knowledge of the molecular basis of the modes of infection and virulence 
of the pathogen offers a unique opportunity to address the evolution of the modes 
of transmission and of the virulence of the pathogen over time. 
In the case of Y. pestis, several of the key genes necessary for this bacterium to 
infect fleas and make them effective in transmitting the pathogen to humans and 
causing the bubonic form of the disease are known (Hinnebusch et al., 2021). 
The ability to infect these insects requires for instance the presence of the ymt 
gene and a mutation in the ure2 gene that inhibits the production of a functional 
urease. The key ymt gene was absent in most strains found in the Late Neolithic-
Early Bronze age (5000-3500 BP) which also seem to be able to produce a 
functional urease (Valtueña et al., 2017; Spyrou et al., 2018; Vågene et al., 2022). 
During this period the plague could have thus been predominantly transmitted 
from human to human without an intermediary insect host. However, the mode 
of transmission via flea bites is by far the most efficient and determinant for a 
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massive diffusion of the pathogen. While early studies on Bronze Age strains 
suggested that acquisition of the ymt gene occurred later, two recent studies 
independently found two Y. pestis strains carrying this gene as well as mutations 
in the ure2 gene and other genes promoting flea infection. These two 
observations were made on skeletons excavated, one in Spain (3200 years BP) 
(Valtueña et al., 2022) and the other in Russia (3800 years BP) (Spyrou et al., 
2018). These strains potentially capable of being transmitted by fleas may 
therefore have spread unnoticed over a large geographical area at a time when 
other forms of pathogen transmission were predominant. 
A second piece of information that may shed light on the aggressiveness on 
mammals of historical plague strains concerns the pla gene, a major virulence 
factor carried on the Y. pestis pPCP1 plasmid. Independent studies on different 
isolates from different geographical origins reported of a specific "erosion" of 
this gene in several strains of the second pandemics, after the end of the Black 
Death episode (after the 15th century, Susat et al., 2020; Bramanti et al., 2021). 
This “erosion” corresponds to a lower sequence coverage of this gene compared 
to the rest of the pPCP1 plasmid sequence. Thus, only a small percentage of 
plasmids may have carried the pla gene. This could indicate that the strains at the 
end of the epidemic peak were affected in their virulence, although this remains 
to be experimentally demonstrated. 

Beyond plague, other pathosystems 

While plague has, thus far, certainly been the focus of the largest number of 
studies in the field of paleomicrobiology; similar scientific questioning has been 
elaborated on other pathogens. They belong to the bacteria (e.g. Mycobacterium 
sp.) but also to the viruses (e.g. the Hepatitis B virus) or the Eukarya (e.g. the 
Oomycete Phytophthora infestans) and infect either animal/humans or plant 
species. In different instances the results reported contrast with those obtained 
for plague. 
In the case of bone tuberculosis, essentially resulting nowadays from infections 
by Mycobacterium tuberculosis, it has been demonstrated that the symptoms 
observed on human skeletons from 950 to 1550 CE along the coasts of South 
America, prior to the European invasions that may have brought M. tuberculosis 
to this region, were the result of infections by the species M. pinnipedii (Vågene 
et al., 2022). This species preferentially infects Pinnipeds, such as fur seals 
abundant in this region. The presence of this infection in human communities 
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along the coast can be explained in by recurrent transmissions from animals to 
humans resulting from the proximity between these two species, the former of 
which being hunted for its meat. However, the presence of such infections on 
skeletons found further inland raises questions about possible human-to-human 
transmission by one or more lines of M. pinnipedii that would have adapted to 
this new host and that may have gone extinct (Vågene et al., 2022). 
Regarding the progression of "successive waves" of different genotypes of a 
pathogen in the same geographic area, it has been reported for other microbial 
species belonging to different taxonomic groups in different time periods. Thus, 
the systematic screening of more than 130 human remains from Eurasia and 
America covering a period from 10,500 BP to 400 BP has allowed to trace the 
evolutionary history of the hepatitis B virus whose infection does not leave any 
visible trace on skeletons and does not lead to mass mortality (Kocher et al., 
2021). In Western Europe, at least 5 evolutionary lineages of the virus followed 
one another over this period. One of them in particular, called WENBA, prevailed 
for nearly 4000 years from about 7500 to 3500 years ago, i.e. a period straddling 
the Neolithic and the Bronze Age, before being apparently eliminated and 
replaced by a new genotype that is still found today in Europe. The dissemination 
of the WENBA lineage found on several Early European Farmers skeletons 
coincides with the Hunter-Gatherers/Farmers transition in Europe. It is 
interesting to note that a descendant of the WENBA lineage, not found for nearly 
3500 years, has recently reappeared in today's human populations, often in 
association with HIV carriers. The source of this re-emergence of a lineage 
thought to be extinct remains to be identified (Kocher et al., 2021). 
Another example of historical epidemiological monitoring concerns the 
Oomycete Phytophthora infestans, agent of the Potato blight. Its introduction 
from America to Europe in the first half of the 19th century led to the destruction 
of this crop and triggered the great famine in Ireland, which caused more than a 
million deaths and resulted in a wave of emigration from Europe to North 
America. Genome sequencing of this species was performed using (degraded) 
aDNA extracted from potato leaves, stored in herbaria, which displayed typical 
leaf lesions (Martin et al., 2013; Yoshida et al., 2013). These specimens were 
collected mainly in Western Europe but also in North America between 1845, the 
probable date of the first introduction of the pathogen into Europe, and the end 
of the 19th century. All isolates collected along the 19th century had genomes 
very similar to each other but distinct from the genomes of strains currently 
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circulating in Europe. Thus, it appears that the initial introduction into Europe 
was from a single strain or from closely related strains that circulated throughout 
the 19th century only to be replaced by new, genetically distinct isolates (Yoshida 
et al., 2013). 
As in the case of Y. pestis, functional information was also deduced from the 
analysis of P. infestans genomes that circulated in Europe in the 19th century. 
They possessed a functional AVR3KI avirulence gene, whereas modern strains 
possess the AVR3EM allele of this gene (Martin et al., 2013; Yoshida et al., 
2013). When a P. infestans strain carries a AVR3KI allele it cannot infect a potato 
cultivar carrying the cognate R3a resistance gene (Yoshida et al., 2013; Bieker et 
al., 2020). This R3a resistance gene was however absent in potato lines grown in 
Europe in the 19th century. Its introgression into modern potato cultivars to fight 
P. infestans led however to the emergence of strains of the pathogen carrying the 
new AVR3EM allele that bypassed the resistance conferred by the R3a gene. 
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Ancient microbial communities - specific issues 
Unlike studies targeting a single species, the analyses of ancient microbial 
communities must take several factors into account that may have biased the 
relative abundance of the different species within the pool of ancient DNA 
extracted from the samples under study. 
A first factor is the contamination of ancient material by an external source, 
which may itself be ancient and therefore characterized by the presence of DNA 
with post-mortem damages. For example, in the case of buried animal/human 
remains, the surrounding substrate (soil) may have contaminated these remains. 
These contaminations can be evaluated and removed a posteriori from the 
sequence datasets using bioinformatics approaches. Thus, to validate microbiome 
preservation in different ancient dental biofilm samples, Fellow Yates at al., 
2021, developed a multistep procedure that included (i), metagenomic binning of 
the data to the NCBI nucleotide database for a taxonomic assignation and, (ii) 
subsequent validation of the identified microbial taxa by comparison with oral 
and non-oral reference microbiomes. Another popular approach is the use of the 
SourceTracker software (Kinghts et al. 2011), a tool based on Bayesian methods 
that compares the microbiome dataset under study with datasets of published 
microbiomes from the same and different environments. Similarly, the R 
decontam package allows for the removal of laboratory and environmental 
contaminants prior to subsequent analysis of microbiomes (Davis et al., 2018). 
In certain environments, such as lake or marine sediments, active or dormant 
microorganisms may also naturally cohabit with ancient nucleic acids from 
microorganisms that have disappeared. In paleomicrobiology, it is not easy to 
distinguish between these different sources and this can lead to erroneous 
conclusions about the temporal evolution of microbial communities. In 
environmental microbiology, it is traditionally considered that DNA persists 
longer in the environment after the death of cells than RNA, which is a more 
labile molecule whose presence would indicate the presence of active living cells. 
Thus the detection within an environmental archive of RNA associated with a 
specific taxon should prompt its exclusion from downstream analyses. However, 
recently published results suggest that RNAs may themselves persist in the 
environment for several decades (Pearman et al., 2022). Therefore, as a 
precautionary measure, paleoenvironmental analyses, particularly on sediment 
cores, should primarily focus on microbial taxonomic groups whose short- to 
medium-term survival in sediments is unlikely. This is the case, for example, for 
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many strictly photoautotrophic organisms such as cyanobacteria or unicellular 
eukaryotic algae. 
Contamination of ancient material may also be endogenous, due to the secondary 
development of microorganisms during the conservation or fossilization process. 
This was suggested in the study of herbarium samples of Ambrosia and 
Arabidopsis plants (Bieker et al., 2020). Most of the plants preserved in herbaria 
contained sequences attributed to the ascomycete fungus Alternaria alternata 
that were never found in modern samples of plants of these species. This 
observation led the authors to suggest that this fungus colonized the plants in the 
herbaria after they had been collected. 
Another factor that is difficult to assess is the differential conservation (of DNA) 
of the different species in the microbial communities, leading to artifactual 
changes in their relative abundance. These changes could occur at different stages 
in the conservation process. In aquatic ecosystems, in the case of lacustrine 
cyanobacterial communities, differential sedimentation of planktonic cells has 
been reported. Nwosu et al., 2021 observed an over-representation in sediment 
traps, placed at the bottom of a lake, of species producing aggregates or colonies 
of cells compared with other species, which, although abundant in the water 
column, are characterized by small individual cells producing gas vesicles. These 
latter species are not only less likely to sediment rapidly but are also more 
vulnerable to predation and to the rapid degradation of their DNA (Nwosu et al., 
2021). In addition to this direct evidence made on extant samples, observations 
made on ancient material also suggest differential conservation of the genetic 
material of certain taxa after their death. This was reported for a desiccated 
microbial mat dated around 1000 yr BP collected in Antarctica. Analysis of the 
DNA and proteins extracted from this mat revealed very different taxonomic 
profiles of the microbial communities (Lezcano et al., 2022). Among the DNA 
sequences, the authors observed a high prevalence of Clostridiales and 
Actinomycetales and a virtual absence of cyanobacteria. The taxonomic 
affiliation of the extracted proteins, on the other hand, reveals a high abundance 
of cyanobacteria and a quasi-absence of Clostridiales and Actinomycetales. This 
latter observation reflected better the presumed nature of the studied material. It 
was hypothesized that certain microbial taxa, particularly those producing spores 
such as the Clostridiales, are characterized by a slower postmortem degradation 
of their DNA and are therefore over-represented in the archives. It should 
however be noted that this study was conducted using a metabarcoding approach, 
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which only allows analysis of the fraction of extracted fragments whose size 
exceeds the size of the amplified marker. In that way, DNA less degraded is 
favored over the very short fragments that may be more representative of ancient 
communities. 
To minimize the complex problem of artefactual modification of the relative 
abundance of taxa over time, it is possible to discuss the results only in terms of 
the presence or absence of taxa within the communities. However, this only 
makes sense in cases where these taxa play a very specific role, as is the case for 
pathogenic species. Thus, Bonczarowska et al., (2022) systematically searched 
for human pathogen sequences (bacteria and viruses) in DNA extracted from the 
teeth of 70 individuals buried in the same German village during the Merovingian 
period (fifth-eighth century CE). On twenty-two individuals (31%) were found 
at least one of the following 4 pathogens: Hepatitis B virus, Smallpox virus or 
Parvovirus B and the leprosy agent, Mycobacterium leprae. Seven cases of 
double infection and one case of triple infection suggested that several of the 
pathogens were endemic within the population and that overall this village 
community had a poor health status. 
Despite these warnings, molecular paleomicrobiology remains the only approach 
for probing the diversity of past microbial communities, whose members, 
sometimes all of them, have left no fossil record. Nevertheless, this assertion is 
also true in the case of the very few microbial groups that are widely studied in 
micropaleontology, such as the Foraminifera. Thus, a metabarcoding study 
targeting this taxon in a marine sediment core covering more than 1000 years of 
sedimentary deposits identified nine times more molecular taxa than 
morphological ones producing hard shells preserved in sediment (Pawłowska et 
al., 2014). This 'excess' of molecular taxa can be explained by the existence of 
cryptic species producing morphologically similar hard shells, as well as by the 
existence of numerous taxa that do not produce these fossilized structures. 
In this section dedicated to communities, we will distinguish studies exploring 
free-living microbial communities from studies of “host-associated” microbial 
communities. This distinction is justified by the fact that to date, studies of free-
living communities have mainly involved the analysis of DNA extracted from 
sediment cores using metabarcoding approaches. As for studies on “host-
associated” communities, besides exploring more diverse sample types (Fig. 1), 
they mainly follow a systematic high throughput DNA sequencing approach. 
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This approach allows de novo reconstruction of microbial genomes and detailed 
functional analysis of the role of microorganisms in ancient ecosystems. 
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Free-living ancient microbial communities 
Free-living ancient microbiomes, or “non-host associated microbiomes”, 
encompass microbial communities entrapped in environmental matrices as 
diverse as freshwater or marine sediments, ancient soils, permafrost, or ice cores 
(Fig. 1). The study of aDNA from these samples, often referred to as sedimentary 
DNA (sedaDNA), makes it possible to reconstruct the history of ecosystems over 
geologic times and to reveal shifts and changes in microbial communities that 
have occurred in response to natural or anthropogenic constraints. At present, 
most studies have been performed on sediments and few data are available on 
ancient soils (Clark et al., 2008) and permafrost (see below “Future 
perspectives”). 
 
Freshwater and marine sediments 
Freshwater (e.g. lake), and marine sediments archive DNA not only from aquatic 
benthic and pelagic (micro)organisms, but also from terrestrial ones encapsulated 
in wind dispersed propagules (e.g. fungal spores) or that are transported 
horizontally by rivers to their estuaries where they sediment. Therefore, study of 
sedimentary DNA (sedaDNA) composition does not only illustrate past aquatic 
biodiversity but also the global diversity of surrounding terrestrial ecosystems, 
including their fauna and flora (Wang et al., 2021; Kjær et al., 2022). Thus, the 
analysis of sedaDNA extracted from a Latvian lake sediment core, allowed Talas 
et al. (2021) to retrace the evolution of both aquatic (23% of the molecular taxa) 
and terrestrial (40%) fungal communities over a period of more than 10,000 years 
encompassing the Holocene. Besides taxonomic assignation, functional 
assignation to different trophic modes (e.g. saprotrophs, animal of plant 
pathogens or symbionts) provided indirect information regarding the occurrence 
of plant genera (Alnus, Salix,...) known to be specifically associated to particular 
fungal pathogenic or mutualistic species. 
Studies focusing on restricted geographic areas allowed monitoring on a fine 
temporal scale how human activities strongly, and maybe irreversibly, impacted 
coastal microbial, and more specifically microeukaryotic communities. In the bay 
of Brest, on the French Atlantic coast, after a long period of global stability since 
the Middle Ages, communities of eukaryotic microorganisms “suddenly” 
changed from the Second World War onwards and since then never turned back 
to their original composition (Siano et al., 2021). Dinoflagellates and 
Stamenopiles were the most affected groups with the almost complete 
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disappearance of taxa that durably dominated the communities since the middle 
age and their replacement by other taxa such as the potentially harmful, toxin-
producing Alexandrium algae. Such changes parallel and can certainly be 
attributed to simultaneous abrupt changes in local human activities that also left 
identifiable traces in sediments in the form of accumulation of inorganic and 
organic pollutants or changes in sediments accumulation patterns attributable to 
agricultural practices. Similar dramatic changes in the composition of coastal 
microbial communities have also been reported by Barrenechea Angeles et al. 
(2023) who studied the temporal dynamics of bacterial, eukaryotic and 
Foraminiferal communities in a sediment core sampled in the bay of Pozzoli 
(Mediterranean sea, SW Italy). Changes in microbial communities recapitulated 
the different phases of the heavy industrial development of the surrounding area 
in the period 1851-1992 that left geochemical signatures in the core layers. Both 
these studies (Siano et al., 2021; Barrenechea Angeles et al., 2023) highlight the 
initial status of microbial communities before human impact. This status could 
be considered as a baseline value that represents the target to reach in a restoration 
operation of the polluted sites. 
Besides studies targeting a single geographic site that recapitulates its local 
history, multisite studies allow evaluating the impact of more widespread 
environmental changes. By studying sediment cores sampled in ca 50 lakes in 
France along a ca 2000 m elevation gradient (Keck et al., 2020; Barouillet et al., 
2022) aimed at assessing the impact of the so-called Anthropocene “great 
acceleration” on freshwater ecosystems. For each core, DNA was extracted from 
one layer that deposited in the 19th century and from a second more modern one 
representative of extant microbial communities. Metabarcoding analyses 
targeting either the whole eukaryotic microbial communities (Keck et al., 2020) 
or more specifically the ciliates (Barouillet et al., 2022), gave convergent results. 
In a global comparative analysis, it emerged that modern eukaryotic communities 
of the 50 lakes displayed greater similarity between them than their 19th century 
counterparts. This spatial homogenization was stronger for lakes located below 
1400m above sea level than for those located above. In France, this altitude 
globally marks the upper limit of permanent human settlements and territories 
above this line are unlikely to be directly impacted by intensive farming practices 
that may represent the main causes of diversity changes. Functional assignation 
of molecular taxa also highlighted pervasive shifts in the functional profile of 
lake eukaryotic microbial communities. Modern communities were significantly 
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enriched in mixotrophic and photosynthetic taxa at the expense of primary 
consumers, parasitic and saprotrophic species that were possibly counter-selected 
by eutrophication of the lacustrine ecosystems indicated by the higher organic 
carbon concentrations found in the most recent sediment layers. 
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Host-associated ancient microbial communities 
Host-associated microbial communities can be affected by the characteristics of 
their host (species, genotype), its lifestyle (e.g. its diet, its health status) and the 
environment in which it evolves and where part or all of its microbiome is 
recruited horizontally. Several studies have examined the relative importance of 
the host, geography, ecology and environment in the evolution of these 
communities, which contribute to the fitness and health of their host and partly 
determine its selective value. 
 
Diversity of source materials 
Dental calculus. As in the case of studies targeting a specific microbial species, 
many paleomicrobiology studies of host-associated communities regard humans 
and related species (hominids, monkeys). The most numerous studies focus on 
the oral ecosystem where mineralization of dental plaque leads to the formation 
of dental calculus (Fig. 1, Fig. 2). It protects the microorganisms that are present 
in this environment, whose DNA remains preserved over very long periodsof 
time (Ozga & Ottoni, 2023). Interestingly, the ancient DNA of dental calculi from 
skulls preserved in natural history collections is now being studied not in a 
historical context, but simply because it allows studying oral microbial 
communities associated with rare animal species in danger of extinction, whose 
extant populations have become difficult to sample. An illustration of this 
approach is the study carried out on three extant species/sub-species of Gorillas, 
whose skulls were preserved in various natural history collections (Moraitou et 
al., 2022). Sequencing of degraded DNA from the corresponding dental calculi 
indicated that the nature of the Gorilla’s diet (ecology), more than the 
phylogenetic proximity of Gorilla species, determined the composition of the oral 
microbiome. 
Paleofeces and coprolites. These remains represent dried and mineralized 
fossilized feces respectively. A paleomicrobiological analysis of coprolites has 
already provided information about a variety of organisms, including micro-
eukaryotes, bacteria, and archaea, present in this material, thus enhancing our 
understanding of ancient human diet, gut microbiota, and intestinal and systemic 
diseases (Appelt et al., 2016). Feces are more rarely preserved with their original 
intestinal microbiome, but exceptional cases of preservation do exist, such as in 
salt-rich environments (salt mines) (Maixner et al., 2021) or dry desert ones 
(Wibowo et al., 2021a) that allow for a rapid desiccation of the samples. 
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Zoological collections. In the animal kingdom, studies are however not limited 
to mammals, several papers have for instance reported the composition of the gut 
microbiome of specimens of other animal taxa preserved in alcohol in natural 
history collections. This is the case of related Mexican Herichthys endemic fish 
species that; for several specimens; were stored for about 50 years in alcohol 
(Mejía et al., 2022), or for terrestrial snails, several of which collected 98 years 
before analysis (Chalifour et al., 2022). As in the case of dental calculus, 
mineralized structures are however more likely to preserve DNA for longer 
periods. Thus, Scott et al. (2022) successfully extracted and sequenced DNA 
from millennia-old corals that revealed their original microbiomes which showed 
similarities to those from today. However, they identified very few sequences 
that could be affiliated to Symbiodiniaceae, that are essential eukaryotic 
phototrophic symbionts of corals. 
Herbarium collections. In the case of plants, both aerial and underground (roots) 
organs of dried herbarium plants have been examined for their microbiome 
(Heberling & Burke, 2019; Bieker et al., 2020). As most herbaria have been 
constituted in the 19th and 20th centuries with very few specimens from the 17th 
and 18th centuries, other sources of plant material have to be looked for to 
address plant microbiome evolution across longer periods. Ancient plant DNA 
has been extracted from up to ca 10,000-year-old woods preserved in 
waterlogged environments; however, their associated microbiomes probably 
correspond to “post-mortem” communities recruited from the surrounding 
sediments, and not to the original endophytic ones (Wagner et al., 2018). DNA 
has also been extracted from seeds or inflorescence of cultivated plants collected 
in archaeological sites (Kistler et al., 2020; Trucchi et al., 2021), but their 
microbiome has, thus far, not been specifically reported. 

Monitoring host-associated-microbiome taxonomic and functional shifts 

In this section, using selected examples, we describe studies on past host-
associated microbial communities that investigate either their taxonomic or 
functional diversity. Both approaches illustrate how microbial communities 
evolve over time and how environmental factors can influence the microbiome 
composition, its metabolism and ultimately its activities and roles in its original 
ecosystem. 
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Evolution of animal/human microbiomes and taxonomic diversity. Focusing on 
human dental calculus, evolution of its microbiome has been addressed at 
different time and geographic scales. Deep in time, Fellows Yates et al. (2021) 
compared calculus microbiomes of different extant (Gorillas, Chimpanzees, 
Homo sapiens) and extinct (H. neanderthalensis) Hominids to delineate the set 
of microbial species shared between the different species (i.e. the Hominid 
calculus core microbiome) and the set of taxa specific, or more frequent, in one 
or more species. 
As opposed to metabarcoding, thus far commonly used to explore non-host 
associated paleo communities, systematic sequencing allows either the de novo 
assembly of entire microbial genomes (MAGs for Metagenome Assembled 
Genomes) or the mapping of sequencing reads against already known microbial 
genomes. Identification of different genomes of the same microbial taxon in 
different samples allows delineating intraspecific lineages whose distribution in 
time and space can be studied. This latter approach was presented by Fellows 
Yates et al. (2021) for three bacterial species found in all studied Hominid 
species. Phylogenetic analyses based on Single Nucleotide Polymorphisms 
(SNPs) identified in whole genome sequence data highlighted a greater proximity 
between human associated lineages (from either modern or ancient individuals) 
that were distinct from Gorilla and Chimpanzee ones that grouped together. Thus, 
although these three bacterial species belonged to the core Hominid oral 
microbiome, genome-level analyses split each of these taxa in different host-
specific groups. A number of potential confounding factors can however 
contribute to these observed associations between hosts. One of them is 
geography as almost all human samples were of European origin while Gorillas 
and Chimpanzees co-occur in Central Africa. 
Data interpretation in paleomicrobiology, especially when referring to microbial 
communities, is indeed often subject to caution since available archaeological 
samples (e.g. human remains) are often rare and not evenly distributed (and 
therefore available for analysis) across time, space and ecological gradients. It is 
thus often difficult to disentangle the relative contribution of each of these factors 
and others on the genetic make-up, diversity and evolution of past host-associated 
microbial communities. This may explain some conflicting results in studies 
addressing for example the consequences of the Neolithic transition to agriculture 
in Europe on the human oral (dental calculus as a proxy) microbiome. Because 
this progressive transition lasted thousands of years, involved human migrations, 
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episodes of cohabitation between different human groups and did not probably 
proceed at the same pace in different geographic areas, differences in sample 
selection may lead to discrepancies across studies. Thus, while Ottoni et al. 
(2021) concluded that the introduction of farming did not significantly alter the 
oral microbiome present in ancient foragers, Quagliariello et al. (2022) concluded 
the opposite. Both studies followed the same approach based on the systematic 
sequencing of aDNA and the assembly of ancient bacterial genomes. They shared 
nevertheless a number of common observations, such as the higher frequency of 
specific taxa (e.g. Olsenella sp. Oral taxon 807) in Neolithic farmers compared 
to earlier hunter-gatherers. 
At the intraspecific level, as exposed above for different Hominid species 
(Fellows Yates et al., 2021), association between specific bacterial lineages and 
specific human groups has also been reported. In the case of commensal 
Anaerolineaceae oral taxon 438 specific lineages each associated to a specific 
geographical and chronological group (Mesolithic-Neolithic) of Humans in 
Europe were identified (Ottoni et al., 2021) as well as others, specific to Japanese 
Jomon hunter gatherers (-3000 y BP), Japanese Edo agriculturalists (400-140 BP) 
(Eisenhofer et al., 2020) or native Wichita north Americans (1250-1450 CE) 
(Honap et al., 2023). 
This last observation was part of a study that aimed at understanding the impact 
of colonization by Europeans of North-America on the native north-American 
populations’ microbiomes (Honap et al., 2023). Since this historical event is far 
better documented and took place over a shorter time span (a few centuries) 
compared to the Mesolithic-Neolithic transition, it could represent a more 
appropriate framework to disentangle the relative contribution of geography, 
nutrition and host (Human) genetics on the Human microbiome. 
Besides dental calculi, reconstruction of nearly 500 MAGs has been reported for 
aDNA extracted from exceptionally well-preserved 1000-2000 years-old Native 
Americans human feces found in desert areas of S-W USA and nearby Mexico 
(Wibowo et al., 2021a). In multivariate meta-analysis these ancient microbiomes 
grouped with modern ones from individuals living in “non-industrialized 
societies”, while microbiomes from individuals from “industrialized societies” 
grouped together in a distinct cluster. This observation lends support to the 
hypothesis that the microbiome of extant humans of “non-industrialized 
societies” represents an ancestral state that may be explained by similarities in 
diets between these extant human populations and ancestral ones. Although 
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ancient microbiomes shared similarities with extant ones, the authors reported 
that 39% of the reconstructed genome sequences corresponded to microbial taxa 
that had not been reported previously although several thousands of reference 
genomes are available for the human microbiome (Wibowo et al., 2021a). While 
these microbial taxa may no longer be associated to extant humans, they may still 
be present, but associated to underexplored human populations (Almeida et al., 
2021). 
 
Beyond taxonomic diversity, functional diversity. As opposed to metabarcoding, 
commonly used to explore non-host associated paleo communities, systematic 
sequencing of aDNA offers the opportunity of exploring not only the taxonomic, 
but also the functional and metabolic diversity of ancient microbial communities. 
Thus, in their study of the oral microbiome of Hominids, Fellows Yates et al. 
(2021) identified the putative acquisition of a “salivary amylase-binding 
capability” by oral streptococci as a potential functional marker that distinguishes 
oral Homo sp. Microbiomes from other Hominid ones. Acquisition of this marker 
could be explained by the adoption of a starch-rich alimentation by Homo 
species. Similarly, regarding the gut microbiome, paleofeces and feces from non-
industrialized extant humans are enriched in genes encoding enzymes degrading 
starch and glycogen (Wibowo et al., 2021a). This difference with “industrialized 
humans” could result from a larger intake of food products enriched in complex 
carbohydrates by ancestral and non-industrialized populations. 
Among gene categories that have been scrutinized in both oral (dental calculi) 
and intestinal (feces) microbiomes, a special attention has been paid to those 
coding for antibiotic-resistance. In accordance with the hypothesis that the 
prevalence and diversity of these categories increased as a result of post-World 
War II antibiotic massive diffusion, it was observed that tetracycline resistance 
gene categories were the most enriched ones in comparisons between extant 
human (from both industrialized and non-industrialized societies) and ancestral 
one paleofeces (Wibowo et al., 2021a). Similarly, Ottoni et al. (2021) reported 
the exclusive presence of three antibiotic resistance gene categories in modern 
dental calculus, the increase in frequency of a fourth one between ancient and 
modern calculus, but also the disappearance of a fifth one (coding for 
vancomycin resistance) in the modern calculus. 
All studies cited thus far used high-throughput sequence data to probe both the 
taxonomic and the functional diversity of ancient microbiomes, it is however 
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conceivable to focus exclusively on functional analyses to address a specific 
scientific issue. Thus, Brealey et al. (2021) addressed the historical impact of 
antibiotic use by humans and domestic animals on the distribution and prevalence 
of antibiotic resistance genes (ARGs) among bacterial communities associated to 
non-target wild animal species. This was achieved through the specific 
identification and annotation of these genes in DNA samples extracted from 
dental calculi of Brown Bears whose skulls were deposited in natural history 
collections. These samples, all from Sweden, covered a period of time ranging 
from 1842 until 2016. It encompassed several phases of antibiotic use in this 
country. While prior to 1951 antibiotics were not yet available, the 1951-1985 
period corresponded to their diffusion and massive use in human and livestock. 
After that date, measures were implemented to reduce their use, including their 
ban as growth promoters. The authors observed that the prevalence, but also 
diversity of ARGs significantly changed over time, seemingly reflecting both the 
different phases of antibiotic use in Sweden and their widespread impact even on 
species remotely associated to humans. Schematically, ARGs increased in 
abundance during the 1951-1985 period when compared to the pre-1951 one, to 
then regress, especially in bear specimens who died after the year 2000 and spent 
their entire life after antibiotic restrictive measures entered into force. This study 
represents an additional example of the strength of molecular paleomicrobiology 
that provides a dynamic view of past events and can be used to evaluate the 
impact and validity of environmental policies.  
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Future prospects 
As illustrated in the manuscript, molecular paleomicrobiology is revolutionizing 
several aspects of microbiology by inserting microorganisms in a historical 
framework that predates the development of microbiology as a scientific 
discipline (Fig. 3). The large number of studies on human-associated microbial 
species and communities identified both long-term (e.g. Y. pestis or Hepatitis B 
virus) and occasional (e.g. M. pinnipedii) human “companion” species. Besides 
revealing the long history of several human/microbe associations, by giving 
access to historical microbial genomes, paleomicrobiology highlights the 
temporal population dynamics of major pathogens and the successive acquisition 
of key functional attributes that are susceptible to affect the outcome of these 
associations. However, future research should clarify whether these temporal and 
functional changes are due to co-evolutionary processes between host and 
microbe or to competition between microbial lineages that have inadvertently 
entered into contact as a result of host migration. 
Several studies also identified microbial species or species lineages (in the case 
of pathogens) that have never been reported in studies on modern samples 
(Granehäll et al., 2021; Wibowo et al., 2021a). These observations are likely to 
fuel the debate on species extinction in the microbial world and to stimulate 
systematic surveys to identify potential refuges where microbial species could 
“hide” for long periods of time. This is particularly relevant in the case of 
pathogens as illustrated by the apparent reemergence of the WENBA genotype 

Figure 3. Main achievements and research fields explored by molecular paleomicrobiology. 
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of the hepatitis B virus that prevailed in Bronze Age human populations to then 
seemingly vanished (Kocher et al., 2021). 
Several studies suggest that permafrost, which cover 11% of Earth's land surface 
(Obu, 2021), could represent a reservoir for “ancient”, but still alive 
microorganisms, including pathogens (Miner et al., 2021). For example, Liang et 
al. (2021) assembled similar MAGs from both intracellular iDNA and 
extracellular eDNA extracted from Siberian permafrost samples up to 43,000 
years-old (Pleistocene-Holocene). This observation lends support to the 
persistence of intact bacterial cells for very long periods of time in this 
environment from which a variety of viruses and bacteria have been identified 
and put into culture (Liang et al., 2019, 2021). Thus, a recent outbreak of anthrax 
caused by the spore-forming Bacillus anthracis, which severely affected reindeer 
herds in Siberia, is probably connected with the thawing of the permafrost that is 
intensifying in the Arctic (Stella et al., 2020). 
With the rapid accumulation of data, molecular paleomicrobiology could 
certainly benefit from the set-up of specific data repositories that would facilitate 
comparisons across studies and meta-analyses. Such a scientific endeavor has 
been undertaken in the case of ancient human genomes as illustrated by the 
ancient mtDNA database (amtdb, https://amtdb.org/, (Ehler et al., 2019), the 
Poseidon framework (https://www.poseidon-adna.org/#/) or the Allen Ancient 
DNA Resource (AADR), a curated version of the world's published ancient and 
modern human DNA data (Mallick et al., 2023). In the case of 
paleomicrobiology, the AncientMetagenomeDir of SPAAM-community 
represents a first initiative to collect published ancient metagenomics data 
(Fellows Yates et al., 2021). 
Another perspective in molecular paleomicrobiology is to go beyond the analysis 
of ancient DNA extracted from ancient materials and to integrate additional 
genetic information deduced from the analysis of other biomolecules such as 
proteins or RNA. Thus, mass spectrometry analysis of proteins extracted from 
ancient human bones and dental calculi has identified signature peptide 
sequences of viruses as well as of pathogenic bacteria, such as Hepatitis virus B 
(Krause-Kyora et al., 2018), Y. pestis (Barbieri et al., 2017) or Mycobacterium 
leprae (Fotakis et al., 2020). Regarding RNA, usually considered as a highly 
labile molecule rapidly degraded upon cell death, it has been shown that plant 
virus small RNAs are surprisingly more stable than long RNAs and DNA 
molecules (Smith et al., 2014; Hartung et al., 2015; Rieux et al., 2021). This 
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property was used by Rieux et al. (2021) to assemble a genome of Cassava 
mosaic virus (ACMV) using small RNAs extracted from a 90 years-old Cassava 
herbarium plant herbarium samples. Analysis of small RNAs from ancient 
cellular microorganisms has not yet been reported. 
 
A future contribution to microbial biotechnologies? 
In addition, the study of ancient metabolites and natural compounds could 
provide new insights into the evolution and functions of ancient microbiomes 
through approaches that bring together paleomicrobiology and biochemistry 
(Velsko et al., 2017, Klapper et al., 2023). Paleobiotechnology is a recently 
developed discipline that enables the study of the evolution of natural products 
extracted directly from ancient materials, such as dental calculus (Velsko et al., 
2017). By exploiting their potential biological activities, these molecules could 
represent new drugs to be used in medicine and pharmacology. Besides the direct 
extraction and characterization of metabolites from ancient samples, 
“paleometabolites” can also be produced by genetic engineering. This approach 
was followed by Klepper et al., 2023 who assembled high-quality MAGs from 
aDNA extracted from dental calculi of seven hominids (H. neanderthalensis and 
H. sapiens) who lived between the Middle and Upper Paleolithic. In MAGs 
affiliated to the genus Chlorobium the authors identified novel putative 
biosynthetic gene clusters (BCGs). Heterologous co-expression in Pseudomonas 
protegens of two enzyme-coding genes (plfA and plfB) from one of these clusters 
resulted in the production of two novel furan-like molecules called “paleofurans”. 
This proof-of-concept study, which makes use of ancient microbial DNA 
information to characterize experimentally the metabolites produced by the 
corresponding microbes represents a novel way for discovering new metabolites 
and to address the biology of past microbial communities. 
For millennia, humans have used microorganisms (bacteria, fungi) to transform 
raw agricultural products (e.g. grains, flour, milk, meat or fruit juice) into 
elaborated, often more digestible, and tasty food products that can be kept for 
longer periods of time (e.g. bread, cheese, fermented beverages, processed meat). 
Extensive studies on several of these microorganisms, as in the case of 
Saccharomyces cerevisiae or Penicillium spp., clearly show that strains 
participating to food transformation differ from wild ones (Legras et al., 2018; 
Peter et al., 2018; De Chiara et al., 2022; Ropars & Giraud, 2022). Furthermore, 
whole genome phylogenetic analyses also tend to cluster strains according to the 
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food product they have been isolated from (Legras et al., 2018; Peter et al., 2018; 
Ropars & Giraud, 2022), thus defining in the case of S. cerevisiae so called 
“wine”, “sake”, “cheese”, or “beer and bread” lineages (Legras et al., 2018; Peter 
et al., 2018). Besides phylogeny, genome comparisons coupled to reverse 
genetics and large-scale phenotyping have identified several key genetic 
determinants and phenotypes that distinguish on the one hand food-adapted 
strains from wild ones, and, on the other hand, strains adapted to different 
foodstuffs (Legras et al., 2018; De Chiara et al., 2022). These observations 
support the idea that some sort of inadvertent domestication process has led to 
the selection of these very specific microbial lineages. 
We suggest that a molecular paleomicrobiological approach could well be 
implemented to explore the history and main stages of these domestication 
processes. Among the main questions that could be addressed we can cite: (i), 
where and to which date can we trace the first signs of domestication? (ii), for a 
given microbial species and a specific transformation process, has domestication 
occurred several times independently? (iii), can we establish a time-calibrated 
chronology of the genome modifications that lead to extant domesticated 
lineages? (iv), Can we identify extinct domesticated lineages characterized by 
specific genome features? (v) Had other, unsuspected, microbial species been 
domesticated in the past for the transformation of a specific foodstuff? 
Although these questions regard individual species, paleomicrobiological 
investigations could be extended to microbial communities that participate to the 
maturation of food products and sometime define their specificity. In this 
framework, paleomicrobiological investigations could be carried out on a few 
century/decade-old food residues to evaluate recent evolutions in the preparation 
of so-called “traditional” local food products. 
Archaeological food remains, storage vessels or tools for their preparation could 
be obvious sources of aDNA from foodborne microorganisms. Human 
paleofeces have recently been shown to, sometimes, contain significant amounts 
of DNA from two of these microorganisms, Penicillium spp. and S. cerevisiae, 
that displayed typical post-mortem damage features of aDNA (Maixner et al., 
2021). Mapping of aDNA reads to modern genomes affiliated the ancient yeast 
sequences to a “beer clade” and the Penicillium ones to “non-Roquefort” P. 
roqueforti strain used nowadays for blue cheese ripening. From a historical point 
of view, these results suggest that Iron-age European populations may have 
already consumed beer and blue cheese and therefore mastered to some extent 
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their preparation. From a technical point of view, this study demonstrates how 
molecular paleomicrobiology can indeed contribute to microbial biotechnology. 
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Chapter 2. Herbaria: more than mere collections of 
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My PhD thesis makes use of herbarium collections to study ancient plant-
associated microbiomes and their evolution through time; this is one of the 
many innovative uses of natural history collections. Thus, what are herbaria, 
how are they organized, what do they contain, what are they used for and what 
are their contribution to todays science, what are their future? These are some 
of the arguments that I briefly synthesize in the current chapter. 

 
The first botanical collections were established in Europe during the 

Renaissance period, driven by extensive plant gathering expeditions, and reached 
their modern form with Linnaeus' organization of specimens in the 18th century. 
(Meredith, 1996). Herbarium collections, as listed in the current (2024) version 
of the Index Herbariorum (https://sweetgum.nybg.org/science/ih/) represent a 
remarkable worldwide repository of global plant diversity. With over 396 million 
specimens preserved across 3567 herbaria worldwide, these collections represent 
an invaluable resource for botanical research and conservation efforts (Thiers, 
2022, Fig. 1-A). The three largest herbaria are located at the Royal Botanical 
Gardens in London, housing 8.1 million specimens, the Muséum National 
d’Histoire Naturelle in Paris with 8.0 million, and the New York Botanical 
Garden housing 7.9 million specimens. 

Over time, herbaria have been the subject of various types of research 
spanning science, but also art, or anthropology (Fig.1-C). In addition to their 
essential roles in activities related to plant taxonomy, systematics, and evolution, 
herbaria have been exploited in novel contexts in recent times (Davis, 2023). For 
instance, Park et al. (2023) have highlighted the colonial legacy of herbarium 
collections by demonstrating an inverse relationship between where plant 
biodiversity is highest in nature and where it is housed in herbaria. Specifically, 
herbaria in the United States and several nations in Western and Central Europe 
house over twice the number of species that occur in these nations, underscoring 
the international appropriation of large amounts of plant diversity. Other 
examples are connected to the work of evolutionary biologists who increasingly 
collaborate with anthropologists and archaeologists to sequence complete 
genomes of extant and herbarium plant specimens to shed light on the origins of 
domesticated species (Bieker & Martin, 2018; Jaenicke-Després et al., 2003; 
Kistler et al., 2020; Swarts et al., 2017; White et al., 2021). Herbaria also make 
it possible to study how plants have adapted to the environment and responded 
to climate change during the Anthropocene. Herbarium plants with known 

https://sweetgum.nybg.org/science/ih/)
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collection places and dates indeed allow estimate changes over time in the 
distribution range and phenology of specific plant taxa (Macdougall et al., 1998; 
Marsico et al., 2020; Primack et al., 2004; Willis et al., 2017; Yost et al., 2018). 
Due to the urgency of the biodiversity crisis, large collaborative efforts are 
underway to synthesize data and enhance conservation planning. These efforts 
involve harmonizing occurrence data from herbarium specimens with global-
change data to gain insights into past, present, and future biodiversity patterns, 
processes, and dynamics (Davis, 2023; Heberling et al., 2019; Lang et al., 2019; 
Lavoie, 2013; Meineke et al., 2018; Nualart et al., 2017). Using herbaria, it is 
possible to analyze various aspects of the global change crisis, from identifying 
drivers of diversification in specific areas, to assessing the effectiveness of 
protected areas in regions threatened by urbanization, or investigating human-
mediated biological invasions (Daru et al., 2021; Ding et al., 2020; Mishler et al., 
2020; Simkin et al., 2022; Willis et al., 2010). 
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Figure 4. The global distribution and use of herbaria. (A) The global distribution of country-wide 
herbarium specimens. (B) The contrasting growth of digitized specimen versus observational data 
mobilized online by the Global Biodiversity Information Facility (GBIF). (C) Literature summary 
of traditional uses of herbarium specimens (shaded in yellow) versus the (D) expanding non-
traditional uses of collections. Icon legend for (B) and (D) shown at bottom. Figure from David, 
(2023).  
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Herbarium Digitization and Specimen Accessibility 
The widespread utilization of herbaria in research has been greatly facilitated by 
the digitization of collections that can then be consulted at distance through the 
web. This process can be divided into different steps: specimen imaging 
(digitization per se), and informatization of the associated data (e.g. species 
name, collection date, collection place [georeferencing], collector name, ...). 
Completion of these phases enables the creation of curated databases of 
herbarium specimens that are easily accessible and directly amenable to scientific 
research and computational analyses. However, despite numerous technological 
and methodological advances in recent years (Gutiérrez-Larruscain et al., 2018; 
Hedrick et al., 2020; Tegelberg et al., 2014; Yost et al., 2018), digitization 
remains a costly and time-consuming process. Currently, digitally accessible 
collections are still not common (Fig. 1 B). It is estimated that less than 30% of 
collections have at least location and collection date information available online, 
and less than 10% have digital images (Fig. 2 A, Park et al., 2023). Digitized 
specimen data are typically submitted to the Global Biodiversity Information 
Facility (GBIF, https://www.gbif.org/) and/or to regional databases, which often 
share data with GBIF (e.g., Consortium of California Herbaria, Australasian 
Virtual Herbarium, eReColNat, Virtual Herbaria - JACQ; Fig. 2 E). However, 
digitized specimens are not always easily accessible and represent only the tip of 
the iceberg compared to physical collections, thus inadequately describing the 
vast biodiversity preserved in herbarium collections. Researchers still often need 
to personally visit herbaria to search for specimens, requesting access and 
permission to sample from the collection’s curators. For various types of 
analyses, such as DNA studies, small portions of the herbarium plants must be 
collected. This destructive process can make access to the collections more 
difficult and is often denied for rare specimens or types (specimens or groups of 
specimens formally associated with the scientific names of organisms). 
Furthermore, the part of the plant being studied influences the decision; portions 
essential for morphological determination of the species, such as leaves, flowers, 
and fruits, tend to be less accessible compared to the root system (if present), 
which is less interesting and informative. Nowadays, technological advancement 
has made it possible to increasingly reduce the quantity of material to be sampled 
and non-destructive DNA extraction methods have also been described 
(Shepherd, 2017). 
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From herbarium specimens to historical DNA 
The emergence of high-throughput sequencing technologies has revolutionized 
the study of herbaria, unlocking new ways to exploring genome-level diversity 
of historical herbarium samples. Plant specimens in herbarium are known to 
contain traces of DNA. Herbarium-derived DNA can be defined as historical or 
ancient DNA (aDNA) by its biochemical characteristics; it is highly fragmented, 
with distinct patterns of DNA misincorporations. Identifying and evaluating 
these alterations is a crucial step in verifying the absence of contemporary 
contaminations within the historical DNA of herbaria. To analyze herbarium 
specimens and ancient samples, specific laboratories and protocols for aDNA 
purification, amplification, and sequence analysis are necessary (Brewer et al., 
2019; Marinček et al., 2022; Semple et al., 2004; Sugita et al., 2020; Taylor & 
Swann, 1994). The fragment lengths obtained from herbarium samples are 
typically extremely short, ranging from 50 to 200 base pairs. This characteristic 
complicates data assembly and processing, necessitating the utilization of 
specialized bioinformatic tools or parameters distinct from those employed for 
modern DNA. Longer fragments exceeding 500 base pairs are often elusive or 
challenging to obtain from herbarium specimens (Papalini et al., 2023). Herbaria 
serve as invaluable resources for scientific research, including classification, 
macroevolutionary inference, and tracing the evolutionary history of wild plants. 
The use of herbarium aDNA represents a useful resource in large-scale 
phylogenomic. For instance, for the Kew Angiosperm Tree of life project, more 
than 28% of the taxa examined were sampled from herbarium. This strategy 
facilitated the examination of taxa that would have otherwise remained 
inaccessible within todays’ research project timeframes (Baker et al., 2022). 
Moreover, herbarium collections provide spatiotemporal data crucial for 
understanding the genetic mechanisms underpinning plant responses to 
environmental changes (Heberling et al., 2019; Lang et al., 2019; Meineke et al., 
2018). For example, they offer insights into the impacts of modern agricultural 
practices and the introduction of non-native species, that potentially evolve into 
invasive species (Van Kleunen et al., 2015). Traditionally, herbarium serve as 
proxies for identifying first-plant colonizers, shedding light on critical aspects of 
plant ecology and evolution (Bieker et al., 2022; Exposito-Alonso et al., 2018). 
Crop plant herbarium specimens play also a crucial role in agricultural research, 
offering valuable resources for studying crop evolution, domestication, 
movements, adaptations, and changes in genome content (Gutaker et al., 2019; 
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Kreiner et al., 2022; Mascher et al., 2016; van de Wouw et al., 2010; Vos et al., 
2022).  
 
 

Figure 2. Trends in the digitization of herbarium specimens. Boxplot (A) summarizes the 
percentage of physical collections in surveyed herbaria that have at least location and date 
information (metadata) or digital image online. Pie charts (B) and (C) show the percentage of herbaria 
that have at least some data and images of their collections shared online, respectively. The 
digitization priority of herbaria in terms of where specimens were collected is illustrated in pie chart 
(D), while pie chart (E) shows how the surveyed herbaria share and distribute digital specimen data. 
Figure from Park et a. (2023). 
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Herbaria and plant-associated microorganisms 
Traces of microorganisms can be identified on herbarium samples. In the case of 
pathogens (fungal, bacterial or even viral taxa), typical disease-related symptoms 
can be identified on plant organs (usually on the leaves and stem of the plant). 
For example, as shown in Fig. 3 A-B, rusts fungal pathogens create identifiable 
symptoms such as those observed on leaves of Sorbus aucuparia (due to the 
fungus Gymnosporangium cornutum) and Buxus sempervirens. Similarly, other 
more common symptoms of plant pathogens such as yellowing, necrosis, staining 
and browning can also be identified on herbarium plants. The sampling of small 
portions of diseased organs also makes it possible through the study of ancient 
DNA to molecularly identify the pathogen that affected the plant when it was 
alive. Using this approach it has been possible to trace the historical spread and 
evolution of several plant pathogens over the past centuries as in the case of 
Phytophthora infestans, the causal agent of potato late blight (Yoshida et al., 
2013). or Xanthomonas citri pv. citri, the causal agent of Asiatic citrus canker 
(Campos et al., 2021). As far as viruses are concerned, it was also possible to 
identify their presence through the study of DNA or even small viral RNAs 
preserved in the herbarium plant tissues (Gagnevin et al., 2021). Thus, using 
small RNA sequences, Rieux and colleagues (2021) were able to reconstruct the 
near-complete sequence of Cassava geminiviruses from 50- and 90-year-old 
herbarium specimens. 

In addition to pathogens, traces of plant-associated symbiotic 
microorganisms can also be found in herbaria. For example, in the roots of many 
herbarium plant genera belonging to the Fabaceae, it is possible to identify 
nodule-forming rhizobia (Fig. 3 A-C) and, through microscopic observations, the 
presence of endophytic and symbiotic fungi (Fig. 3 D-D3, Bianciotto et al., 
2022). In this case as well, molecular analysis is a powerful tool for investigating 
in greater depth which organisms have colonized the plant in the past. In a recent 
study, Heberling et al. (2019) showed that it was possible to amplify and 
sequence DNA of arbuscular mycorrhizal fungi from herbarium root DNA and 
highlighted significant differences in AMF community composition between 
different plant species. 

Finally, within the herbarium samples it is sometimes possible to find the 
presence of dried rhizospheric soils, which surround their roots. They may 
hypothetically preserve the original rhizospheric microbiomes (Fig. 3 E, 
Bianciotto et al., 2022). In the case of herbaria, a very limited number of studies 
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have targeted their entire complex, ‘asymptomatic’, microbiomes using DNA 
extracted from either the above-ground (leaves, stems) and underground (roots) 
organs of herbaria (Bieker et al., 2020, Schubert et al., 2014). 

Herbaria were mostly created in the 19th and first half of the 20th century, 
the period that preceded the current acceleration of global changes whose impact 
on the soil microbiome is largely unknown. The analysis of microbial aDNA 
extracted from the soil and roots of herbarium plants should thus inform us on 
how and to what extent global changes have affected the plant-associated 
microbiomes not only from a taxonomic, but also a functional point of view. 
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Figure 3. (A–B) symptoms induced by fungal rust pathogens on leaves of (A, 
A’) Sorbus aucuparia (fungus: Gymnosporangium cornutum) and (B, B’) Buxus 
sempervirens (fungus: Puccinia buxi); (C–C’) nodules induced by N2-fixing rhizobia 
on the roots of Trifolium pratense collected in 1879; (D–D3) Microscopic observation 
of cotton blue-stained arbuscular mycorrhizal (AM) fungi in the roots of S. 
cereale plants collected in 1905; arrows, collapsed arbuscules in cortical cells; star, 
external hypha of an AM fungus reaching and growing on the surface of root 
epidermal cells (circle); (E) microorganisms-containing dried rhizospheric soil 
sheathing the roots of a Secale cereale plant collected in 1905. Photo credits; (A–B 
and D), ©Herbier LY, FR-CERESE, UCBLyon1; (C, E) ©TO Herbarium, department 
of Life Sciences and Systems Biology, University of Turin; (D), Valeria Bianciotto, 
Gianluca Grasso. Full pictures of plants illustrated in D and E–G are visible on the 
Recolnat portal (https://explore.recolnat.org/) under accessions LY0662690 (D) and 
LY0662689 (E–G). Image modified from Bianciotto et al, 2022. 
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Chapter 3.  Optimization of protocols and methods for the 

analysis of microbial and viral communities in herbaria 

  



 
 

75  

The study of microbial communities using herbarium specimens requires specific 
methodologies and protocols to handle small amounts of ancient material, to 
extract highly degraded fragmented DNA while minimizing external and modern 
contamination. The workflow typically followed for these studies involves 
several key steps (Fig. 1). 

The first step involves the identification of specimens within herbarium 
collections. It necessitates an assessment of the preservation conditions of the 
specimens and their relevance to the study. Searching for the right specimens 
within herbaria, is facilitated by the use of digital databases like e-Recolnat for 
the herbaria in France (https://www.recolnat.org/fr/) that allow consulting 
herbaria at distance through the internet. Once selected, the specimens are 
sampled to obtain the necessary quantities of material for DNA extraction. 

DNA extraction is a crucial step and need to be performed in specialized 
laboratories known as "white laboratories." These laboratories are designed to 
minimize contamination with modern DNA. Key features include positive air 
pressure, daily UV/bleach treatments to sterilize surfaces and air from biological 
contaminants, restricted access limited to authorized and adequately trained 
personnel, and mandatory personal protective equipment, such as full-body 
overalls, masks, and double gloves for all operators. 

After extraction, the DNA samples are converted into libraries ready for 
sequencing. This phase requires advanced molecular biology techniques to obtain 
enough DNA from highly degraded fragments. 

The sequencing data is analyzed using specific bioinformatic tools. These 
tools are optimized for very short sequences typical of degraded DNA and for 
validation of historical authenticity to distinguish between ancient and modern 
DNA. Bioinformatic analysis allows for the study of the structure and 
composition of microbial communities present in herbarium specimens. Using 

https://www.recolnat.org/fr/
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specific tools and databases, it is possible to identify microbial taxa and trace 
their evolution over time. 

  

Figure 1. General workflow of the study of herbarium soil and root microbiomes.   
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This chapter that details these protocols corresponds to a recently (2023) 
published chapter in the book Viral Metagenomics from the book series Methods 
in Molecular Biology (https://doi.org/10.1007/978-1-0716-3515-5_15). The 
chapter presents the different methods and protocols used in the analysis of 
herbarium samples of soil and roots and has made it possible to discriminate the 
presence of viruses by obtaining their whole genome sequence from herbarium 
samples. These protocols and methods are those that are implemented in Chapter 
4 to extract soils from a large variety of herbarium soils collected over the entire 
French territory. They are also implemented in Chapter 5 to analyze in detail the 
soil and root microbiomes associated to specimens of four cultivated plants. 
 

 
  

https://doi.org/10.1007/978-1-0716-3515-5_15


 

 78 

Introduction 
Plants host numerous viruses belonging to different families, causing, for several 
of them, important threats to crop plants. Since the causal association between 
specific disease symptoms and viruses is rather recent in the history of 
phytopathology, little is known regarding the origin, spread and prevalence of 
these pathogens in a recent past. 
Natural history collections, and more specifically herbaria encompass millions of 
plant specimens, mostly collected in the 19th and 20th centuries, that can be 
searched for the presence and prevalence of specific pathogens and pests. 
Straightforward visual observation of herbarium plants have been carried out in 
the case of pathogens producing unambiguous symptoms as in the case of anther 
smut fungi infecting Silene flowers (Antonovics et al., 2003) or of the Horse-
chestnut leaf miner (Lees et al., 2011). Alternatively, plant pathogens can be 
identified among degraded (ancient) aDNA molecules extracted from infected 
collection specimens. This approach has been reported for fungal (e.g. [Bradshaw 
et al., 2020) or Oomycete (Yoshida et al., 2013) eukaryotic pathogens and has 
led to the reconstruction of an entire historical genomic sequence of the Citrus 
canker bacterial agent (Campos et al., 2021 ). 
A similar approach has been reported to investigate DNA virus evolution and 
prevalence in past human populations. For example, the systematic search for 
Hepatitis B virus sequences in ancient human DNA sequences has highlighted 
the temporal and spatial dispersal of different virus genotypes during the last ca 
10,000 years (Kocher et al., 2021). Alternatively, the systematic search for any 
known pathogen sequences in the DNA extracted from 5th-8th century human 
remains from a common settlement in Germany identified several cases of co-
infection by hepatitis B, smallpox viruses and Parvovirus B, highlighting the poor 
health status of this local human population (Bonczarowska et al., 2021). 
In the case of plants, small RNA extracted from 90-year-old Cassava herbarium 
specimens allowed identification of a Cassava Mosaic Geminivirus sequence that 
was used to estimate its evolutionary rate (Rieux et al., 2021 ), showing how 
analyses of ancient viral genomic sequence data obtained from historical samples 
can substantially improve phylogenetic based molecular dating studies. 
Historical data on viral sequences can also provide essential insight into plant 
virus ecology, as demonstrated by the analysis of Barley yellow dwarf luteovirus 
sequences obtained from RNA extracted from herbarium specimens dating from 
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the end of 19th century to the first half of the 20th century (Malmstrom et al., 
2007). 
In this chapter, we describe a protocol for the extraction of DNA from herbarium 
plants and their associated rhizospheric soil. Following Illumina high throughput 
sequencing of the highly fragmented ancient DNA and its de novo assembly, 
associated DNA viral sequences are identified allowing to reconstruct the 
corresponding ancient plant and soil viromes. 
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Materials 
 Herbarium plant and soil sampling 

1. 2 ml sterile centrifuge tubes 
2. tweezers 
3. sterile razor blades 

DNA extraction 
All experiments are performed in dedicated spaces within a cleanroom with 
positive pressure to prevent contamination from the outside environment, 
wearing laboratory coveralls and with specific cleaning procedures of equipment 
and spaces (with 2.6% bleach and/or 20 minutes UV-crosslinking at 256 nm). 

1. High Pure Viral Large Volume extraction kit (Roche Diagnostics). 
2. DNEasy Powersoil Pro kit (QIAGEN). 
3. DNA low-binding 1.5 and 2 mL microtubes. 
4. Sediment Lysis Buffer (SLBconc): 20 mM Tris-HCl pH 9.0, 10 mM 

Calcium chloride, 100 mM DTT, 0.5% w/v SDS, 6.25% w/v 
Polyvinylpyrrolidone. 

5. 20 mg/mL Proteinase k solution. 
6. Binding Buffer (BB): 5 M Guanidinium HCl, 120 mM Sodium acetate 

pH 5.2, 0.05% v/v Tween-20, 40% v/v isopropanol (see Note 1). 
7. Elution buffer (EBT): EB buffer (from QIAGEN DNEasy Powersoil Pro 

kit) supplemented with 0.05% v/v Tween-20. 
8. Molecular Biology Grade ethanol. 
9. Nuclease-Free water. 
10. Qubit dsDNA High Sensitivity kit (Invitrogen) 
11. Mixer Mill (with microtube accessories). 
12. Hybridization oven or other heating device. 
13. Rotary mixer/shaker. 
14. Large volume refrigerated centrifuge (up to at least 3,000xg). 
15. Microcentrifuge (up to at least 15,000xg) 
16. Fluorometer (Invitrogen Qubit or equivalent) 
17. 15 mL Falcon tubes 

Library preparation and sequencing  
1. Oligonucleotides IS1, IS2 and IS3 to make-up truncated P5 and P7 

adapters (Meyer & Kircher, 2010) 
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2. Custom (7 nucleotides) indexed Illumina P5 and P7 Primers (Kircher et 
al., 2012) 

3. NEBNext End-Repair module (New England Biolabs) 
4. NEBNext Quick Ligation Module (New England Biolabs) 
5. Bst polymerase large fragment (New England Biolabs) 
6. Minelute PCR purification kit (QIAGEN) 
7. PBacidic: PB buffer (from minelute kit) supplemented with 60 mM Sodium 

Acetate pH 5.3 
8. SsoAdvanced Universal SYBR supermix (Bio-Rad) 
9. Qubit dsDNA High Sensitivity kit (Invitrogen) 
10. NucleoMag cleanup and size selection beads kit (Macherey-Nagel) 
11. Magnet for Solid Reversible Phase Immobilization (SPRI) purification 

using 1.5 mL microtubes (Invitrogen Dynamag or equivalent) 
12. Microcentrifuge (up to at least 15,000xg) 
13. Incubation block with heated lid (Eppendorf thermomixer or equivalent) 
14. Real-Time PCR thermocycler 
15. Fluorometer (Invitrogen Qubit or equivalent) 
16. Device for capillary electrophoresis of DNA fragments (Labchip HT 

Perkin-Elmer with dedicated consumables/reagents or equivalent) 
17. Illumina sequencer and dedicated consumables and chemistry 

Bioinformatics analyses 
1. fastQC(v.0.12.0) 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
2. fastp (v. 0.23.1) (https://github.com/OpenGene/fastp). 
3. BWA (v. 0.7.17) (https://bio-bwa.sourceforge.net/). 
4. samtools (v. 1.14 ) (http://www.htslib.org/). 
5. SPAdes (v. 3.15.1) (https://github.com/ablab/spades). 
6. QUAST (v. 5.2.0) (https://quast.sourceforge.net/). 
7. CAP3 (VersionDate: 02/10/15) (https://doua.prabi.fr/software/cap3). 
8. DIAMOND (v. 2.0.15) (https://github.com/bbuchfink/diamond). 
9. MEGAN6 Community Edition (v. 6.24.23) (https://software-ab.cs.uni-

tuebingen.de/download/megan6/welcome.html). 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/OpenGene/fastp
https://bio-bwa.sourceforge.net/
http://www.htslib.org/
https://github.com/ablab/spades
https://quast.sourceforge.net/
https://doua.prabi.fr/software/cap3
https://github.com/bbuchfink/diamond
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Methods 
 Herbarium plant and soil sampling 
The protocol was successfully implemented on DNA extracted from roots and 
associated rhizospheric soil (Fig. 2) of different plant species stored in herbaria 
for 115-120 years. For each plant specimen, about 20 ca 0.5 cm-long root 
fragments are collected using sterile fine tweezers and scalpel blades. Soil 
particles aggregated around the roots (between 10-100 mg per plant specimen 
(Fig. 3), are detached from the roots and collected using tweezers. Root and soil 
samples are transferred into sterile tubes and stored at room temperature before 
DNA extraction. 
 

 
  

Figure 2. Root system of herbarium specimen of Triticum aestivum collected in 1856 before (A) 
and after (B) the sampling of fragments of root and rhizospheric soil. 
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DNA extraction 
This protocol is a modified version of Murchie et al., 2021’s ‘Cold Spin 
Extraction’ method. (see Note 2) 

1. Preheat the SLBconc buffer at 50°C. 
2. For each sample, weigh up to 250 mg of soil, or up to 50 mg of root in a 2 

mL microtube. Prepare one extraction blank (no soil or root sample) for every 
series of extractions (i.e. for a total of 16 extractions, consider 15 samples and 
one extraction blank). 

3. Transfer each sample in a single PowerBead tube provided in the DNEasy 
Powersoil Pro kit (already containing garnet beads and 750 μL of 181 mM 
NaPO4 and 121 mM of guanidinium isothiocyanate). 

4. Rinse each sample tube with 500 μL of SLBconc solution to collect the leftover 
of soil/root samples attached to the tube walls. Transfer the suspension to the 
corresponding PowerBead tube (making up a final volume of 1250 μL of 
digestion solution). 

5. Homogenize the samples by a 5 min agitation of the PowerBead tubes in a 
mixer mill at a 25 beats/s mixing frequency. If necessary, repeat this step once 
or twice to obtain a homogeneous suspension. 

6. Add 16 μL of 20 mg/mL Proteinase K solution (for a final concentration of 
approx. 0.25 mg/ml in the digestion solution). 

7. Set the PowerBead tubes in a rotating shaker (speed 16-18 rotations/min) for 
an overnight digestion (20-24 h) in a hybridization oven at 35°C in the dark. 
Ensure that the digestion solution, sample, and PowerBeads are moving at 
each oscillation. 

8. Remove PowerBead tubes from the oven and centrifuge 5 min at 10,000xg 
(the maximum speed recommended for PowerBead tubes). 

9. Transfer supernatants to a DNA low-binding 2 mL tube and freeze them at -
20°C. Recover as much digest solution as possible at this step. Tiny portions 
of the pellet can be pipetted without consequences (they will be eliminated 
on step 13). The extraction protocol can be stopped after that step (usually 
until the next day). 

10. Preheat the EBT buffer at 30°C. 
11. Thaw the digested supernatants, and centrifuge them briefly. Pipet each of 

them into a 15 mL Falcon tube filled with 13 mL of Binding Buffer. 
12. Spin the Falcon tubes at 3,000 x g for a minimum of 3 hours (up to overnight) 

in a refrigerated centrifuge at 4°C. 
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13. Decant the supernatant after centrifugation, not disturbing the dark pellet at 
the bottom of the tube, and add it to a high-volume silica column (High Pure 
Extender Assembly; Roche Diagnostics). 

14. Centrifuge the high-volume silica columns at 1,000 x g for 2 min. In case the 
entire volume has not passed through, renew the centrifugation step. 

15. Detach the silica column from the assembly and put it in a 2 mL collection 
tube. 

16. Add 500 μL of the Inhibitor Removal Buffer of the High Pure Viral Nucleic 
Acid Large Volume (Roche Diagnostics) to the column and centrifuge at 
3,000 x g for 1 min at room temperature. 

17. After centrifugation, transfer the column to a new collection tube and add 450 
μL of the Wash Buffer (High Pure Viral Nucleic Acid Large Volume; Roche 
Diagnostics) to the column. Centrifuge at 6,500 x g for 1 minute at room 
temperature. 

18. Repeat step 17 for a second wash. 
19. Transfer the column to a new collection tube and centrifuge to dry the silica 

columns at 15,000 x g for 1 min. 
20. Elute the DNA off the silica column with 25 μL EBT. Centrifuge at 15,000 x 

g for 1 min. 
21. Repeat step 20 for a total elution volume of 50 μL. 

22. Total DNA estimate is performed via fluorometric quantitation of 1 μL of 
each extract. 

23. Store the extracted DNA at -20°C until processed into libraries and at -80°C 
for long-term storage.  

Library preparation and sequencing  
This protocol is a modified version of the dsDNA library preparation method by 
[11], implementing the double indexing strategy of [12]. All specimen extracts 
and blank extractions are to be processed in the same fashion. 

Truncated adapter preparation 
1. Incubate the 200 μM truncated P5 and P7 mixes 10 min at 95°C and let them 

cool down to 12°C slowly at -0.1°C /s. 
2. Mix equal amounts of truncated P5 and P7 to obtain a 100 μM P5+P7 adapter 

mix. Vortex mix and centrifuge briefly. 
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3. Aliquot the adapter mix and freeze. Use each aliquot only once and then 
discard. 

Universal library preparation 
1. Prepare an End-Repair reaction premix containing : 5 μL of 10X NEBNext 

End-Repair buffer, 2.5 μL of NEBNext End-Repair Enzyme mix, and 27.5 
μL of Nuclease-Free water per library.  

2. Use 35 μL of the premix for each individual library. Add 15 μL of DNA 
extract (it is not necessary to use a specific quantity of DNA for library 
construction) for a final reaction volume of 50 μL. 

3. Incubate 15 minutes at 25° C. Transfer at least 5 minutes at 4°C. 
4. Proceed with a minelute purification using 6 volumes (300 μL) of PBacidic for 

one volume of repaired DNA. Elute the DNA off the silica column twice 
with 15 μL of EBT for a final volume of approximately 29 μL. 

5. Dilute a P5+P7 adapter mix aliquot to 20 μM. Make up a ligation premix 
containing: 10 μL of 5X NEBNext T4 quick ligation buffer, 7.5 μL of 
Nuclease-Free water, and 2.5 μL of the diluted adapter mix.  

6. Add 20 μL of that premix to each library. Vortex mix and centrifuge briefly. 
7. Add 1.5 μL of NEBNext T4 ligase to each individual library for a reaction 

volume of 50 μL (final concentration of 12 U of ligase / μL and 1 uM of 
P5+P7 adapter mix). 

8. Incubate 90 minutes at 22°C. 
9. Proceed with a minelute purification using 5 volumes (250 μL) of PBacidic for 

binding DNA. Elute each library twice with 15 μL of EBT for a final volume 
of approximately 29 μL. 

10. Prepare a fill-in reaction premix with the following reagents: 4 μL of 
Nuclease-free water 4 μL of 10X Thermopol buffer, 1 μL of 10 mM dNTPs, 
and 2 μL of Bst Polymerase large fragment (16 U per reaction). 

11. Dispense 11 μL of the fill-in premix into each library tube (for a total reaction 
volume of 40 μL containing 1X Thermopol buffer and 250 uM of each 
dNTP). Vortex and quick spin.  

12. Incubate 20 minutes at 37°C and then transfer at 80°C for another 20 minutes 
incubation. 
Store libraries at -20°C. 
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Library indexing and characterization 
1. Amplify 10 μL of each library using a unique pair of custom P5 and P7 

indexing primer in a PCR reaction using 1X SsoAdvanced Supermix and 
500 nM of each primer. Due to various levels of inhibitions between 
samples, the total reaction volume can be adjusted from 40 (by default) 
up to 100 μL. 

2. Perform the PCR amplification of the libraries in Real-Time with the 
following conditions: 2 minutes of hotstart denaturation at 98°C, followed 
by 20 cycles of 10 s at 98°C, 20 s at 60°C and 20 s at 72°C. 

3. Address the level of fluorescence for each library separately at each cycle: 
remove individual libraries from the thermocycler when they shows a 
start in the plateau phase of the amplification. 

4. Quantify each amplified library via fluorometric quantification. 
5. Dilute the library according to the requirements of your capillary 

electrophoresis equipment. For a Labchip HT characterization, libraries 
are diluted to a 0.2-2.0 ng/μL range and evaluated with the NGS 3k chip 
and consumables. 

6. Based on both fluorometric quantification and electrophoretic size 
distribution of the fragments, calculate the molarity of each individual 
library. 

Pooling and Sequencing 
1. Make an equimolar pool of the libraries to sequence, based on their 

estimated molarity. 
2. Make a SPRI purification of the pool using 1.25X volume of NucleoMag 

purification beads. 
3. Estimate the molarity of this final pool (via fluorometric and 

electrophoretic analyses) and prepare the Illumina sequencing 
accordingly. 

4. Perform the shotgun sequencing of the pooled libraries on the relevant 
Illumina platform/chemistry. In our case, we sequenced the pool of DNA 
libraries made from either the roots or the soils herbarium samples on a 
Novaseq 6000 platform in Paired-End sequencing (2*50 bp). We aimed 
at generating  approximately 20 million reads for each library. 
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Bioinformatics analyses 
 Preprocessing (quality control, trimming and merging) 

1. Check quality of the reads using FastQC (Andrews,  2010) and visualize 
the HTML reports generated by FastQC using a web browser:  
>fastqc path_to_sample_name.fq.gz 

2. Trim the reads to remove primer sequences and short reads and merge 
paired reads with Fastp (Chen et al., 2018) using the following command. 
For the trimming use the default commands except for the -l option 
(length of reads to trim) which has to be set to 25 nucleotides and the --
overlap_len_require option (overlap needed between different pair reads, 
default value 30) which is here lowered to 10 nucleotides. These 
parameters are here adapted to the short length of the reads, i.e. usually 
less than 100 bp for ancient/historical DNA obtained from herbarium 
samples. As -l value was chosen 25 nucleotides to facilitate merging, 
mapping and assembly, in order to achieve high accuracy, since the 
trimmed sequences are longer than the default parameter of fastp (15 
nucleotides) (see Note 3). 
>fastp -h -g -l 25 --adapter_fasta list_adapter.fasta  --
overlap_len_require 10 
 -m -I sample_name_R1.fq -I sample_name_R2.fq -o 
sample_name_R1_trim.fastq.gz -O sample_name_R2_trim.fastq.gz --
merged_out sample_name_trim_merge.fastq.gz --unpaired1 
sample_name_R1_trim_unpaired.fastq.gz --unpaired2 
sample_name_R2_trim_unpaired.fastq.gz 
  

Removal of reads mapping to reference plant genomes 
Sequences are then mapped to the corresponding plant reference genome (using 
available genomes present in the NCBI genomes database, 
https://www.ncbi.nlm.nih.gov/home/genomes/) to remove the plant nuclear, 
mitochondrial, and plastid genomes from the metagenomic datasets. The tool 
BWA aln (Li & Durbin, 2009) , appropriate for processing short sequences, is 
used for mapping Illumina reads to the plant genomes. Sequences that do not map 
to plants are then extracted using Samtools (Danecek et al., 2021).  The 
hypothesis is that they correspond to the host plant microbiome (i.e., eubacteria, 
archaea, fungi, viruses).  
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1. Index the reference plant genome downloaded from the NCBI genomes 
database 
>bwa index -a bwtsw reference_genome.fasta 

2. Align the merged sequences to the plant reference genome 
>bwa aln reference_genome.fasta sample_name_trim_merge.fastq.gz> 
sample_name_trim_merge.sai 

3. Convert alignment in SAM format 
>bwa samse reference_genome.fasta sample_name_trim_merge.sai 
sample_name_trim_merge.fastq.gz  >sample_name_trim_merge.sam 

4. Convert SAM file into BAM file 
>samtools view -b -S sample_name_trim_merge.sam 

>sample_name_trim_merge.bam 
5. Sort the BAM file 

>samtools sort sample_name_trim_merge.bam -o 
sample_name_trim_merge_sort.bam 

6. Index the BAM file  
>samtools index sample_name_trim_merge_sort.bam 

7. Calculate final statistics 
>samtools flagstat sample_name_trim_merge_sort.bam > 

sample_name_statistic_mapping.txt 
8. Select unmapped sequences  

>samtools view -b -f 4 sample_name_trim_merge_sort.bam > 
sample_name_trim_merge_sort_unmapped.bam 

9. Recovery fastq files for the unmapped sequences 
>samtools fastq sample_name_trim_merge_sort_unmapped.bam > 

sample_name_unmapped.fq 
  
To exclude any contamination from sample manipulation in the herbaria, during 
sampling and analysis, repeat the same alignment procedure on the unmapped 
reads using the most recent version of the human genome (GCF_000001405.26) 
as the reference genome.  
 

De novo assembly 
1. Perform the de novo assembly of the reads using the software SPAdes 

with default parameters (see Note 4): 
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> spades.py -s sample_name_unmapped.fq.gz -o 
spades_results_sample_name/ 

2. Evaluate the assembly (i.e., number of assembled scaffolds, N50, N90, 
scaffold length distribution) with the tool QUAST, using default 
parameters (see Note 5): 

 > quast.py -k spades_results_sample_name/contigs.fasta 
spades_results_sample_name/scaffolds.fasta --single clean_reads.fq.gz -o 
quast_results_sample_name/ 

3. Collapse redundant scaffolds with CAP3 using default parameters: 

 > cap3 spades_results_sample_name/scaffolds.fasta -x sample_name 

4. Concatenate in one file the obtained contigs and singlets sequences: 

 > cat spades_results_sample_name/scaffolds.fasta.sample_name.contigs 
spades_results_sample_name/scaffolds.fasta.sample_name.singlets > 
sample_name_cap3.fastac 

Identification of viral sequences 
To identify viral sequences, contigs are aligned against a protein reference 
database using the DIAMOND tool. A non-redundant protein database needs to 
be downloaded and formatted according to the following steps. 

1. Download the non-redundant (nr) protein database from the NCBI 
website: 

 > wget ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz 

2. Download the file that maps NCBI protein accession numbers to taxon 
ids form the NCBI website:  

> wget 
ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/accession2taxid/prot.accession2taxid.F
ULL.gz 

3. Download the nodes.dmp and names.dmp files from the NCBI taxonomy 
website: 

 > wget ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/taxdmp.zip 
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4. Create a DIAMOND-formatted database file (see Note 6): 

> diamond makedb --in nr.gz -d nr.dmnd --taxonmap 
prot.accession2taxid.FULL.gz --taxonnodes nodes.dmp --taxonnames 
names.dmp 

5. Run DIAMOND in blastx-mode and save the output in a tabular file (see 
Note 7): 

 > diamond blastx -f 6 –sensitive –quiet -d nr.dmnd -q 
sample_name_cap3.fasta -o sample_name.csv  

6. Run DIAMOND in blastx-mode and save the output into DIAMOND 
alignment archive (DAA) supported by MEGAN: 

 > diamond blastx -d nr.dmnd -q sample_name_cap3.fasta -a 
sample_name.daa  

Visualize DIAMOND results 
The taxonomic distribution of the contigs annotated with DIAMOND can be then 
visualized with the tool MEGAN6.  

1. Download the file mapping NCBI-nr accessions “megan-map-
Feb2022.db.zip” to taxonomic and functional classes (NCBI, GTDB, EC, 
eggNOG, InterPro2GO, SEED) from https://software-ab.cs.uni-
tuebingen.de/download/megan6/welcome.html and unzip it. 

2. Open MEGAN6, click on the “File” menu, and select “Import From 
BLAST”. In the tab “Files”, at the point n.1, import your DAA file, and 
in the tab “Taxonomy”, click on “Load MeganMapDB mapping file” and 
load the file “megan-map-Feb2022.db”. Click on “Apply” to visualize 
your data (Fig. 3). 

3. In order to extract viral contig sequences, select the node of interest, open 
the drop down menu by clicking the right mouse button and select the 
“Extract reads” option. 

https://software-ab.cs.uni-tuebingen.de/download/megan6/megan-map-Feb2022.db.zip
https://software-ab.cs.uni-tuebingen.de/download/megan6/megan-map-Feb2022.db.zip
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Figure 3. Visualization of DIAMOND results using MEGAN6. Red square indicate viral 
taxonomic nodes. 
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Notes 
1.When preparing the BB buffer, note that the reaction is endothermic and that 
Guanidinium will only go into solution once the nuclease-free water is added to 
the mix. 
2.DNA extraction was performed using the former PowerBead tubes from the 
DNA Powersoil kit (QIAGEN). It can readily be applied using the current version 
of the DNEasy Powersoil Pro kit (QIAGEN) by modifying step 3 in section 3.2. 
The tubes in the new kit contain only the beads,; it is thus necessary to add, before 
step 4, 750 μL of the CD1 solution (from the same kit). 

3. Use -h option for obtaining result report on HTML, -g for removing polyG, -
m for merging the reads, -adapter_fasta for indicating the fasta list of adapters 
(that contained adapters and their reverse complement). As indicated in the main 
text, the -overlap_len_require  option was also introduced to reduce the overlap 
length during merging (from 30, default, to 10 nucleotides). Finally, with -q 
option, it is also possible to eliminate all the reads below a certain quality 
threshold. In our case, the raw data (in the FastQC reports) showed high quality, 
and the -q option was not used.  

4. Use -t option for setting the number of threads and -m option to set memory 
limit in Gb, according to the characteristics of your IT infrastructure. 

5. Use -t option for setting the number of threads and -m option to set memory 
limit in Gb, according to the characteristics of your IT  infrastructure. Use –silent 
option if you do not want printed on screen detailed information about each step; 
the information will be stored anyway in the log file. 

6. Use -p option for setting the number of threads according to the characteristics 
of your IT  infrastructure. By default, DIAMOND uses all available threads. 

7. Use -p option for setting the number of threads according to the characteristics 
of your IT  infrastructure. By default, diamond uses all available threads. Use -e 
option to set the e-value threshold to report an alignment. Use -f option to format 
the output file. Use –sensitive option to enable the sensitive mode designed for 
full sensitivity for hits of >40% identity. Use -k option to set the maximum 
number of target sequences per query to report alignments for. Use –quiet option 
to disable all terminal output. 
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Introduction 
 
Soil microbes play a crucial role in essential soil functions such as nutrient 
cycling, pathogen control, symbiotic interactions, and bioremediation, while also 
supporting plant life through nutrient availability, protection, defense, and 
tolerance to biotic and abiotic stresses (Banerjee & A Heijden, 2023; Wei et al., 
2019; Zhang et al., 2021) 

However, in the absence of historical archives, the only available data on 
the impact of current environmental changes on soil microbial diversity come 
mainly from short-term impact studies that compare soils subjected to different 
management practices or along environmental gradients (Berg & Cernava, 2022; 
Nic Lughadha et al., 2020; Rull, 2021; Zhou et al., 2020). These studies, which 
rely on high-throughput sequencing techniques to evaluate microbial diversity, 
have been conducted in the last 15 years in the 21st century (Zhou et al., 2020) 
and thus represent a rather limited period of time. 

Recently, herbaria have been identified as potential sources of ancient soil 
samples inadvertently left associated to the root systems of dried plants 
(Bianciotto et al., 2022). From different of these soils it was possible to extract 
historical DNA whose sequencing revealed the presence of microbial sequences 
and even allowed assembling the full genome of an unknown plant virus (Grasso 
et al., 2024; Chapter 3). To be exploited to retrace the recent trajectories of soil 
microbial communities it is however essential to demonstrate that herbarium soil 
samples are not anecdotic but are rather numerous, associated to many different 
plant taxa, representative of large geographic areas encompassing different 
climates and soils and collected over significant periods of time. It is also 
essential to demonstrate that historical DNA extraction and conversion to 
sequencing libraries can be performed on a wide range of these soils whatever 
their origin, composition and collection time. 

In the present study we evaluated these requirements by looking at 
digitized herbarium plant specimens preserved in 32 institutional herbaria in 
France. These herbaria were fully or partially digitized to produce a curated 
database of about 2333 high-resolution pictures freely consultable through the 
web (https://www.recolnat.org/fr/). The study focused on a set of 14 different 
commonly cultivated crop plants collected in mainland France. 

From a sample of 30 soil herbarium specimens of Triticum and Hordeum 
we further performed soil DNA extraction and sequencing library construction to 

https://www.recolnat.org/fr/
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evaluate if and how collection date, soil characteristics and putative local 
environmental conditions affected historical soil DNA extractability and 
preservation. 
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Materials and Methods  
 

Annotation of a herbarium database and soil sampling 
More than 3500 digitized herbarium specimens (3585) from the Recolnat 
database attributed to 14 cultivated plant taxa collected in France (European 
territory) were selected. These database was annotated through a citizen science 
project (http://lesherbonautes.mnhn.fr/). This manual annotation project ('Aux 
racines de l'agriculture en France'; 
http://lesherbonautes.mnhn.fr/missions/22858123) consisted in entering in a 
database hand-written information of the specimen’s label as well as in indicating 
the presence of roots and of soil associated to the roots. For the current project, 
the two most relevant information indicated, or not, on the label were the 
specimen collection date and place. Collection place referred to the “commune” 
administrative level whose mean area is of 14.9 km2 in continental France; thus 
corresponding to an average linear geographic distance of less than 5 km between 
two neighboring communes. An additional information of interest regarded, often 
informal, indications that suggested whether the plants were collected in 
agricultural fields. 
 From the indications present in this database, we selected 30 plants of 
either Triticum aestivum or Hordeum vulgare for soil sampling (Supplementary 
Table S1). Selection criteria were as followed: presence of soil on the root 
systems, known and diverse collections dates and places and indication 
suggesting that the plants were collected in cultivated fields. At least 100 mg (dry 
weight) of soil were collected on each plant; 50 mg for DNA extraction and 50mg 
for chemical analyses. 
 

Chemical analyses of herbarium soils 
Concentrations in total organic carbon (Corg) and nitrogen (N), along with 13C 
and 15N contents, were determined using a Thermo Fisher Scientific Elemental 
Analyzer Flash 2000 HT connected to an Isotope Ratio Mass Spectrometer Delta 
V Advantage (EA-IRMS). When necessary, for the determination of Corg and 
13C content, carbonates were first removed by treating soils with 2% HCl. For N 
and 15N measurements, bulk soil samples were always used directly. Isotope 
ratios are expressed in the conventional delta (δ in ‰) notation, with δ13C values 

http://lesherbonautes.mnhn.fr/


 

 100 

referenced to the Pee Dee Belemnite (PDB) carbonate standard and δ15N values 
referenced to atmospheric nitrogen value. 
Total major (Na, Mg, Al, Ca, P, Mn, Fe) and trace (Zn, Cd, Pb) element contents 
were determined by ICP-MS at the Institut de Physique du Globe (IPSP), Paris, 
after acid digestion following the methodology used by Valdés et al., 2014. The 
procedure included placing 25 mg samples in perfluoroalkoxy (PFA) Savillex™ 
vessels for treatment at 150°C for 48 hours with a combination of nitric acid 
(HNO3) and hydrofluoric acid (HF). A mixture of HF and perchloric acid 
(HClO4) was then added and digestion proceeded at 150°C for 24 hours. After 
two treatments with HNO3 at 150°C to ensure complete evaporation of the acids, 
the residue was diluted to 35 mL with HNO3. Analytical precision and accuracy 
were ensured through routine replicate analyses, the use of target materials, and 
the MESS-3 certified reference material. Validation data showed an accuracy 
with a relative error not exceeding 5%. 

X-ray fluorescence (XRF) spectroscopy was used on native soil samples 
to determine SiO2 content that cannot be assayed by ICP-MS on HF-digested 
samples. A portable X-ray fluorescence (XRF) spectrometer was used as 
presented by Goudard et al., (2024) for the measurement of mineral elements 
content, including rare earth, directly on herbarium plant samples. 
 

DNA extraction and sequencing library construction 
Total DNA was extracted following the method of Murchie et al., 2021 optimised 
for ancient sediment samples, with minor modifications ((Grasso et al., 2024), 
described in chapter 3). Control extraction and blank samples were systematically 
performed to mitigate the risk of in-laboratory contamination. Herbarium DNA 
were characterised by fluorometric quantification (Qubit II, Invitrogen) and 
capillary electrophoresis (Labchip GX Touch, Perkin-Elmer) after their 
conversion in Illumina sequencing libraries using a double-indexing PCR 
(Kircher et al., 2012). 
 

Data analysis  
Data analysis was performed using R v.4.2.2. The database obtained from the Les 
Herbonautes platform was analyzed using the tidyverse v.2.0.0 (Wickham et al., 
2019), ggplot2 v.3.5.1 (Wickham H, 2016)., and ggrepel v.0.9.4 packages 
(Slowikowski K, 2024). 
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The spatial coverage of samples obtained from the entire Herbonautes 
database and for the 30 selected Triticum and Hordeum plants sampled for soil 
was analyzed using the R-package geodata v.0.5-9 (Hijmans et al., 2024), terra 
v.1.7.55 (Robert & Hijmans, 2024) and tidyterra v.4.2.3 (Hernangómez, 2023).  
Various local soil parameters such as pH, total nitrogen, SOC (Soil Organic 
Carbon), CEC (Cation Exchange Capacity), and bulk density were also extracted 
from the SoilGrid database (https://soilgrids.org/, Poggio et al., 2021) based on 
the herbarium plant collection site positions using the average municipal values 
of the parameters created using QGIS v 3.36.0-Maidenhead. Herbarium sample 
values were then confronted with all average values of the whole of mainland 
France to evaluate their representativeness across the entire geographic area 
under consideration. 

A regression model (Generalized Linear Mixed Model, GLMM) was 
implemented to explore the relationships between quantities of extracted DNA 
and soil characteristics (Carbon organic %, Nitrogen %, δ13C, δ15N, Na, Mg, 
Al, P, K, Ca, Mn, Zn, Cd and SiO2, contents) as well as collection site variables 
(bioclimatic and soil variables). As in the case of soil variables that were 
extracted from the Soil Grid database, bioclimatic ones were extracted from the 
WorldClim version 2.1 database (https://www.worldclim.org/, Fick & Hijmans, 
2017). Models were built using the same methods described in (Adamo et al., 
2021). Iron (Fe), carbon organic percentage, bulk soil density, annual 
temperature and pH were all correlated with other variables of the dataset 
(Pearson’s r > 0.7, Supplementary Fig.S1) and were thus removed from the 
analysis. GLMM constructed with lme4 (Bates et al., 2015) were fitted to these 
data using a Poisson distribution and a log link function. All variables were scaled 
and the plant genus variable was used as random factor. GLMM were built using 
all the non-collinear variables and the non-associated factors (herbarium 
collections, collection sites, collection years and plant genus) selected after data 
exploration (the equation is in R notation): 

m1 = lme4::lmer(DNA-ng  ~  Na + Mg + Al + P + K + Ca + Mn + Zn + Cd + 
year + X.Nitro + SiO2 + soilN + elev + soc + annual_prec + cat_ex + δ15N + 
δ13C + region + herb + (1|genus),  data = data). 

Once the initial model had been fitted, a model selection was performed by 
backward elimination. Model reduction was carried out based on Aikaike 
information criterion values in order to simplify it and avoid overfitting (Johnson 
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& Omland, 2004). The final model was valued by checking overdispersion and 
standard residuals plots (Supplementary Fig.S2, Zuur & Ieno, 2016) 

The data was also analyzed through a Principal Component analysis (PCA) using 
the packages ggcorrplot v.0.1.4.1 (Kassambara, 2023), FactoMineR v.2.9 (Lê et 
al., 2008) and factoextra v.1.0.7 (Kassambara & Mundt, 2020). 
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Results and discussion   
Characteristics and temporal and spatial distribution of herbarium samples  
The database built by Les Herbonautes network includes 3585 herbarium 
accessions of 14 species of crop plants in the genera Avena, Cannabis, Cicer, 
Fagopyrum, Hordeum, Lens, Linum, Lupinus, Panicum, Phacelia, Secale, 
Sorghum, Triticum and Zea. 
From these 3585 specimens, 2333 had a precise collection location (commune 
level, excluding sample collected in botanical gardens and from Paris). These 
later specimens cover a time span from 1700 to 2014, but only 3 were collected 
in the 18th century and 14 in the 21st one; 7.6% had no associated collection date 
(Fig 1.C).  

Geographically, the plants are distributed evenly across mainland France 
(Fig 1. A). 30.4% of the specimens had roots and soil associated, 29.3% had only 
roots, while the remaining 40.3% had only aboveground organs (Fig 1.B). 

The percentages of root-soil presence in the specimens were calculated 
for each plant genus (Supplementary Fig. S3). Plants belonging to the genera 
Avena, Hordeum, Polygonum, Secale, and Triticum had a higher percentage of 
specimens with soil (always greater than 45%) compared to plants in the genera 
Cannabis, Cicer, Sorghum and Zea where most specimens lacked both soil and 
roots. In these cases, the absence of roots could certainly be explained by the 
large size and thickness of the mature plants that make them difficult to place 
them entire in a herbarium folder. Other plant genera (Lens, Linum, Lupinus, and 
Phacelia) had predominantly (more than 44%) specimens with roots without 
attached soil. The presence of soil on the specimens could have been influenced 
by the morphology and architecture of the plants' root systems. In the Poaceae 
(such as Avena, Hordeum, Secale and Triticum), presence of highly ramified 
fibrous adventitious crown roots probably facilitates root system extirpation that 
retains soil particles difficult to wash away during sample preparation. 
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A 

B 

C 

Figure 1. Main characteristics of the annotated crop plant dataset. A. Map 
showing the geographical distribution of the plant specimens across mainland France. B. Pie 
chart of the percentages of specimens with roots and soil (red), only roots (green), and only 
aboveground organs (blue). C. Bar plot representing the temporal distribution of the 
specimens from the 18th century to 2010; NA, plants without known collection date 

ROOT & SOIL
30.4%

NO ROOTS
40.3%

ONLY ROOTS 
29.3%
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Representativeness of herbarium specimens in France 
Herbarium cultivated plants were collected all over the entire French mainland 
territory with however some collection hot spots around the city of Paris and 
along the Mediterranean coast in South France (Fig. 1A). Regarding collection 
dates, most (70.9%) of the plants were collected over a period of less than a 
century between the 1840s and the 1920s, a period that precedes today’s global 
environmental changes (Fig. 1C). 

In the case of plants with roots and associated soil that could be sampled 
to study past soil microbial diversity, we extracted from soil and climatic 
databases several putative geographic (elevation), climatic (annual mean 
temperature, annual precipitation) and soil (bulk density, cation exchange 
capacity, organic carbon density, pH, soil organic carbon, total nitrogen) 
characteristics related to their collection sites. These predicted values were then 
confronted to the distribution of the same parameters across the entire French 
territory (Fig. 2). For each of these nine parameters, we observed a clear 
superposition in the distribution of the values of the collected samples and of the 

Figure 2. Representativeness of herbarium specimens in continental France. The plot shows in the 
background (in grey) the violin plots of all French municipal averages of the values taken into 
consideration (annual mean temperature, annual precipitation. Cation exchange capacity, elevation, 
organic carbon density, pH, soil organic carbon content, soil total nitrogen); in the foreground are 
represented the different values of the variables (estimated from the GPS position of the collecting city) 
of the individual herbarium specimens present in the database and colored by genus. 
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values observed across the entire French territory. It thus appears that soils 
associated to cultivated plants stored in herbaria are likely to be representative of 
the diversity of agricultural soils and of agricultural areas of France that are 
distributed across different climatic regions (oceanic, Mediterranean, continental 
and mountain). 

 

DNA extraction of soil herbarium specimens  
To promote herbarium soils as sources of DNA for the survey of ancient soil 
microbial communities we needed to demonstrate that historical DNA could 
indeed be extracted from a variety of these soils. For this purpose, we selected a 
set of 30 samples associated to T. aestivum and H. vulgare plants collected over 
a period of 150 years (1821-1977) and representative of the pedo- and bioclimatic 
regions of France (Supplementary Figure S3 & Supplementary Table S2). 
Diversity of these soils was confirmed by the direct measurement of their 
elemental composition. Diversity could be illustrated by the concentration ranges 
of Si (from 8.42 to 51.96 g/100g) and Ca (from 0.26 to 19.24 g/100g) that suggest 
that the studied soils have developed on very different parent rock materials 
Supplementary Table S3). 
 DNA extraction was successfully achieved using a single protocol for all 
30 herbarium soil samples. All DNA samples were further transformed in 
Illumina libraries, demonstrating that all DNA extracts were free of inhibitors 
that would have prevented enzymatic (proteinase K, DNA polymerase) 
manipulation. 

The extracted DNA samples exhibited very similar fragmentation 
profiles. The log-normal distribution of the DNA fragments peaked between 61 
and 86 bp across the various soil samples (Fig. 3.A) and no correlation between 
peak position and age of the samples was observed (Fig. 3.B). This could suggest 
that most DNA fragmentation occurred at initial stages of soil storage, possibly 
during sample drying and then slowed down or even almost ceased. This 
observation is at odd with results reported by Weiß et al. (2016) who observed a 
weak correlation between herbarium plant (Solanum spp. and Arabidopsis) DNA 
fragmentation and plant collection date. In this latter study size of the extracted 
plant DNA fragments are however in the same range as those observed for soil 
DNA. 



 
 

107  

 As opposed to DNA fragmentation, amounts of extracted DNA greatly 
differed between soils, ranging from 9.3 ng.g-1 of soil to 589.5 ng.g-1 
(Supplementary Table S1). Statistical analyses were performed to test whether 
DNA extraction yield could be related to collection date or to one or several of 
the soil and collection site characteristics. A PCA analysis suggested that 
predicted pH, bulk soil density (bdod) values, and measured Mg and SiO2 
contents, but not sample age, are among the key factors that contribute most to 

A 

B 

Figure 3. A. Degradation profile of herbarium soil extracted DNA. B. Plot of the peaks of the extracted 
DNA curves and the year of herbarium sample collection. The correlation is nearly zero (-0.12) and 
shows no influence of the collection date on the degradation of the extracted DNA. 
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the variability between samples (Fig S6). Thus, high pH and bdod (highly 
correlated to each other) values seem to negatively affect soil DNA extraction 
yield. These results are somehow in linewith those reported by (Dequiedt et al., 
2011) who showed that at the scale of the entire French territory, several soil 
characteristics, but not climatic ones correlate with the amount of extractable 
microbial DNA. 

GLMM were implemented to more precisely define the factors that 
affected DNA recovery (Fig. 4). Three factors emerged, total soil N and Na 
contents appeared significantly (P <0.01 and P< 0.05, respectively) and 
positively correlated to DNA yield, while SiO2 content was negatively correlated 
(P<0.01).  

The quantity of extracted DNA from an ancient soil possibly reflects both 
the amount of DNA (microbial biomass) present in the fresh soil when it was 
sampled and the post-harvest time-dependent DNA degradation process. While 
it is difficult to speculate about the roles of SiO2 and Na concentrations to the 
aDNA extraction yields, a high nitrogen content is likely to reflect soil fertility 
and is certainly positively correlated to microbial biomass.  
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Figure 4.  Regression model results highlighting the most significant variables in relation to the 
amount of extractable DNA from the analyzed samples (above). Significant variables in the model are 
marked with * (P value < 0.05) and ** (P value < 0.01). 
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Conclusion 
Herbaria are undergoing a renaissance as sources of genomic data for exploring 
plant evolution, ecology, and diversity. Ancient DNA preserved in herbarium 
specimens offers unprecedented insights into historical plant and soil 
communities. This chapter demonstrates how certain crop plants (Poaceae, 
Polygonaceae, and Leguminosae) are particularly suitable for studying the soil 
and/or roots of plants preserved in herbaria. The presence of roots and soil is far 
from rare in herbarium plants, and numerous samples can provide this material 
to investigate large geographic areas during a long (150-200 years) period. 
Additionally, herbarium soil appears to preserve DNA, potentially containing 
traces of the original microbiome (as will be described in the following chapter). 
These samples should allow us to investigate how soil and plant microbial 
communities responded to environmental and climate changes since the 1800s.  
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Supplementary  
Fig S1. Multi-collinearity analysis among environmental variables. Above 
the diagonal: Pearson’s r correlation coefficient. Below the diagonal: scatterplots 
and histograms of data distribution. Pearson’s correlation values above the 
threshold of collinearity used in this study ( > 0.7). 
Variable;: Al (aluminum), Fe (Iron), X.carbon (percent of organic carbon 
measured with EA-IRMS), X.nitro (nitrogen percentage measured with EA-
IRMS), bdob (soil bulk density from SoilGrid), soilN (total nitrogen soil from 
SoilGrid), elev (elevation), soc (soil organic content from SoilGrid), annual_prec 
(annual mean precipitation), annualT: (annual mean temperature), pH. 
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Figure S2. Standard validation plots for the selected GLMM model. Plots 
were automatically generated using the function check_model in the R packages 
performance on the model create with lme4 package.  
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Figure S3. Pie charts of the percentages of herbarium specimens with roots and 
soil (red), with only roots (green), and without both soil and roots (stems and 
leaves without roots and soil, blue). Plant species are grouped by genera (only 
genus Triticum encompassed different species). 
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Figure S4 Sampling locations and dates of the 30 Triticum aestivum and 
Hordeum vulgare associated soil herbarium sample from which DNA was 
extracted. A. Map showing the geographical origin of the 30 soil samples in 
France. B.. Bar plot giving the sampling dates of the 30 soil samples from the 
1820s to the 1970s.  
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Figure S5. Characteristics of the selected 30 Triticum aestivum and Hordeum 
vulgare-associated soil herbarium samples from which DNA was extracted. 
The plot shows in the background (in grey) the violin plots of all French 
municipal averages of the values taken into consideration (annual mean 
temperature, annual precipitation. Cation exchange capacity, elevation, organic 
carbon density, pH, soil organic carbon content, soil total nitrogen); in the 
foreground are given the actual values of the variables (dots, estimated from the 
GPS position of the collection sites) for the 30 herbarium specimens (red, 
Hordeum, blue, Triticum) selected for DNA extraction. 
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Figure S6. PCA analysis of herbarium soils parameters and their relative 
contribution to the total amount of extractable DNA (ng/50mg of soil) from 
soil samples. The analysis considered the parameters measured experimentally 
(Organic Carbon % (X.Carbon), Nitrogen % (X.Nitrogen), δ13C, δ15N, Na, Mg, 
Al, P, K, Ca, Mn, Zn, Cd, and SiO2 contents) as well as those extracted from the 
SoilGrid and WorldClim database using the GPS coordinates of herbarium 
collection sites (pH, total nitrogen, Soil Organic Carbon (soc), Cation Exchange 
Capacity (cec), bulk density (bdod), annual temperature (annualT) and annual 
precipitation (annual_prec)). In addition to these parameters, the sample 
collection date (year) was also included. 
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Table S1. Characteristics of the 30 plant specimens selected for soil DNA 
extraction. The Recolnat accession No. allow consulting the characteristics of 
the sample on the Recolnat web site 
(https://explore.recolnat.org/search/botanique/type=index ).  
 

 
  

sample name Species Collection date
Recolnat 

accession number
Total volume of 
DNA (ng/50mg)

French commune

1 Hordeum vulgare 1909 LY0665455 229.0 Saint-Quentin
2 Hordeum vulgare 1908 LY0666127 393.7 Clermont-Ferrand
3 Hordeum vulgare 1856 P03626872 159.9 Le Kremlin-Bicêtre

4 Hordeum vulgare 1919 SLA004450 14.0
Saint-Jean-et-Saint-

Paul
5 Hordeum vulgare 1871 P03658192 214.7 Chagey
6 Hordeum vulgare 1898 P03629916-15 322.5 Epinal
7 Hordeum vulgare 1969 P01969577 350.4 Grigny
8 Hordeum vulgare 1911 P02637839 299.2 Bonneval-sur-Arc
9 Hordeum vulgare 1869 P03658191 253.9 Chagey

10 Hordeum vulgare 1921 P02638268 589.5 Llo 
11 Hordeum vulgare 1875 MPU1385062 183.8 Rambouillet
12 Hordeum vulgare 1941 MPU742924 448.2 Florentin-la-Capelle 
13 Hordeum vulgare 1888 MPU267705 397.8 Ussel
A Triticum aestivum 1900 LY0664463 10.5 Suresnes
B Triticum aestivum 1926 MPU091810 20.7 Portiragnes
C Triticum aestivum 1911 CLF140821 40.3 Montpellier
D Triticum aestivum 1856 MPU146493 85.1 Aulas
E Triticum aestivum 1960 CLF349322 558.8 Tallende
F Triticum aestivum 1881 CLF349329 33.4 Corent

G Triticum aestivum 1835 P03239048 411.9
Arromanche-les-

Bains
H Triticum aestivum 1964 CLF140818 14.4 Clermont-Ferrand
I Triticum aestivum 1821 P06768667 17.5 Saint-Lô
L Triticum aestivum 1851 P02375291 9.3 Béhen
M Triticum aestivum 1855 P03364631 43.8 Barbentane 
N Triticum aestivum 1918 P03364524 559.3 Morlaix
O Triticum aestivum 1910 CLF140823 181.0 Verrières-le-Buisson
P Triticum aestivum 1828 LYJB052767 340.9 Besançon

Q Triticum aestivum 1840 P03257193 196.0
Ballancourt-sur-

Essonne
R Triticum aestivum 1920 CLF140808 228.6 Igny

S Triticum aestivum 1977 MPU1193998 150.0
Saint-Laurent-

d'Aigouze

https://explore.recolnat.org/search/botanique/type=index
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Table S2. Bioclimatic values associated to the 30 plant herbarium specimens 
from which soils were collected for DNA extraction. These parameters were 
used to construct GLMM models to investigate which one of them affected 
extracted DNA. Values were extracted from the SoilGrid and Worldclim 
databases using the GPS coordinates of the collection sites using the geodata 
package in R. 
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Table S3 Chemical and physical characteristics associated to the soil collected 
on 30 selected plant herbarium specimens for DNA extraction. These parameters 
were used to construct GLMM models to investigate which one of them affected 
extracted DNA. Values were obtained on soil samples (50 mg) using ICP-MS 
and X-ray Fluorescence methods.  
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Introduction 
The contribution of the soil microbiome to soil and plant health is widely 
recognized (Banerjee & van der Heijden, 2022; Bardgett & Van Der Putten, 
2014). A current challenge is to evaluate how ongoing global changes are 
affecting the diversity of these microbial communities, with potential 
consequences on their contribution to ecosystem processes. This challenge is 
essentially addressed in short-term studies that compare microbial communities 
along environmental gradients or in manipulated mesocosms or field 
experiments. From these studies, emerge a number of common signatures (e.g., 
decrease in host-specificity, increase in abundance of rare microbes, pathogens, 
and hypermutators), but also of differences in the response of soil microbiomes 
to environmental constraints (e.g., shifts in pH, temperature, and humidity values; 
Berg & Cernava, 2022; Zhou et al., 2020). These short-term studies, which rely 
on high-throughput sequencing techniques to evaluate the microbial diversity, 
have almost all been carried out in the last 15 years in the 21st century (Zhou et 
al. 2020). These studies therefore monitor short-term responses to environmental 
changes of soil microbial communities that have already experienced several 
decades of global changes. This is particularly relevant in the case of arable soils, 
which in different parts of the world have been managed since the late 1940s-
1960s by intensive farming practices. These practices broke completely with the 
former ones, which did not depend on the use of chemical fertilisers and 
pesticides to grow high-yielding crop varieties. 
 In this context, we can ask what have already been the long-term 
consequences on soil microbiomes of intensive farming practices. Indeed, several 
ecological processes occur at a pace incompatible with short-term monitoring. 
This is the case of biological invasions and diversity impoverishment, two facets 
of the global biodiversity crisis. This crisis has been put forth and quantified by 
studies targeting animals and plants (Nic Lughadha et al., 2020; Pyšek et al., 
2020; Rull, 2021). In the case of microorganisms, invasions - but rarely 
extinctions - are documented essentially for symptom-producing plant or animal 
pathogens, for a few mushroom-producing fungal soil saprotrophs as well as for 
bacterial or fungal root symbionts (Desprez-Loustau et al., 2007; Thakur et al., 
2019; Wang et al., 2023). No data are available for the great majority of “elusive” 
soil microorganisms. Agricultural practices such as the release of microbial 
inoculants (Liu et al., 2022) or mass movements of entire microbiomes through 
long-distance trade and travel (Zhu et al., 2017) suggest however that widespread 
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invasion of soils ecosystems by alien microbial species and genetic elements is 
likely. 

In order to evaluate long-term changes in the composition of soil 
microbial communities, it is necessary to access ancient soil samples and to 
implement appropriate protocols to reveal the composition of their original 
microbiomes. Regarding the later prerequisite, molecular paleomicrobiology, 
based on the analysis of degraded ancient DNA (aDNA) extracted from historical 
samples, is certainly the most relevant approach (Grasso et al., 2024a). 
Paleomicrobiology allows for a diachronic approach of the evolution of microbial 
diversity. It allows documenting taxonomic and functional diversity of 
microorganisms in ancient, up to tens of thousands years old items preserved in 
favourable environments such as caves or permafrost. It has been implemented 
for samples as diverse as archaeological artefacts such as dental calculus, 
desiccated or mineralized faeces, thus giving access to ancient human/animal oral 
and intestinal microbiomes (Brealey et al., 2021; Fellows Yates et al., 2021; 
Maixner et al., 2021; Quagliariello et al., 2022). These data have been used to 
infer the diet and local environmental conditions to which were exposed the 
corresponding hosts. Regarding “non-host” associated environmental samples, 
the analysis of aDNA preserved in stratified marine or freshwater sediments 
recapitulates the temporal dynamics of aquatic microbial communities and how 
they responded to past environmental changes (Barouillet et al., 2022; Keck et 
al., 2020; Siano et al., 2021).  

Regarding archived soil samples, although large collections do exist in 
different countries, the corresponding samples have, for most of them, been 
excavated in the last 50 years. Older referenced samples are rare and limited to 
very few collection sites, as exemplified by the Rothamsted long-term agronomic 
experiments that started in the 1840s and for which soil samples were 
continuously collected (Poulton, 2011). We recently identified herbaria as 
potential repositories of (rhizospheric) soils that were left attached to the roots of 
many herbaceous plants preserved in these collections (Bianciotto et al., 2022). 
These collections that may encompass more than 400 millions of plant samples 
globally (https://sweetgum.nybg.org/science/wp-
content/uploads/2023/11/The_Worlds_Herbaria_2022.pdf) have been mostly 
established in the 19th and first half of the 20th century, a period that predates the 
so-called “great acceleration” in global changes (Steffen et al., 2015). For the 
many plant species, herbaria can contain hundreds of different samples collected 

https://sweetgum.nybg.org/science/wp-content/uploads/2023/11/The_Worlds_Herbaria_2022.pdf
https://sweetgum.nybg.org/science/wp-content/uploads/2023/11/The_Worlds_Herbaria_2022.pdf
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over the entire species’ distribution areas and several decades. These collections 
can thus be used to trace plant adaptation to global changes through time, from 
anatomical, physiological and genomic point of views (DeLeo et al., 2020; 
Denney & Anderson, 2020; Lang et al., 2022, Burbano & Gutaker, 2023). 

Initial studies have targeted plants in herbaria to study their original 
microbiomes using metabarcoding (Daru et al., 2018; Heberling & Burke, 2019) 
or shotgun sequencing (Bieker et al., 2020; Weiß et al., 2016) of plant-extracted 
DNA. The objective of the present study is to extend the approach to herbarium 
plant-associated desiccated rhizospheric soils in order to access the past diversity 
of the soil microbiome and ultimately infer its time-dependent response to 
environmental changes. This experimental framework needs first to be validated 
from both experimental and analytical points of view. It is necessary to evaluate 
the ancient nature of the extracted DNA and to demonstrate that the deduced 
biological data are in line in terms of biodiversity and community assembly rules 
with the data commonly reported for extant soil microbiomes. For this validation, 
we chose four cultivated and taxonomically diverse plants; Lactuca sativa 
(lettuce) and three cereals, oat, rye and durum wheat. Most of the studied plants 
were grown in a common garden in the suburbs of Paris (France) and collected 
in the first years of the 20th century; that is about 120 years before the start of the 
study.  



 
 

127  

Materials and methods 
Herbarium specimens 
All plant specimens (Table S1, Fig. 1.A), four or five per plant species, came 
from the Bonaparte’s collection detained by the herbarium of the University of 
Lyon (herbarium code, LY), France and can be visualised on the RECOLNAT 
website (https://explore.recolnat.org). Specimens belonged to the species Avena 
sativa, Lactuca sativa, Triticum durum and Secale cereale. Most plants (16 out 
of 19) were originally cultivated in the same garden, in “Saint-Cloud” in the 
suburbs of Paris. The remaining three specimens were collected in three other 
sites in France (Table S1). Several plants grown in Saint-Cloud are thought to be 
genetically distinct, as they belonged to a specific variety mentioned on the 
herbarium’s labels. Plants were collected over a short period of time, between the 
years 1903 and 1907. 

For each specimen, about 20 fine root fragments - ca. 0.5 cm-long - were 
collected using sterile tweezers and scalpel blades. Soil particles aggregated 
around the roots (between 10 and 100 mg per specimen) were detached from the 
roots and collected separately. For two of the L. sativa plants, no rhizospheric 
soil was present around the roots. For three specimens (belonging to L. sativa, S. 
cereale and T. durum), leaf fragments were also sampled. The collected material 
was transferred into sterile tubes and stored at room temperature until DNA 
extraction.  

 

DNA extraction manipulation and sequencing 
DNA extraction and its manipulation were performed in the dedicated facility of 
the platform “Paléogénomique et génétique moléculaire” at the “Musée de 
l’Homme” in Paris (https://www.ecoanthropologie.fr/fr/paleogenomique-et-
genetique-moleculaire-6206). The platform is equipped with clean rooms under 
positive air pressure and UV-sterilised daily to prevent contamination from the 
outside environment. Strict separation is maintained between spaces dedicated to 
sample preparation, DNA extraction, control, amplification, and sequencing 
library preparation. Laboratory coveralls were worn for all experiments and 
specific cleaning procedures of equipment and spaces were implemented (2.6% 
bleach and/or 20 min UV (256 nm)-cross-linking). 

Total DNA was extracted following the method of Murchie et al. (2021) 
optimised for ancient sediment samples, with minor modifications (Grasso et al. 

https://explore.recolnat.org/
https://www.ecoanthropologie.fr/fr/paleogenomique-et-genetique-moleculaire-6206
https://www.ecoanthropologie.fr/fr/paleogenomique-et-genetique-moleculaire-6206
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2024b). Three control extraction and library preparation blank samples were 
systematically performed to mitigate the risk of in-laboratory contamination. 
End-repaired DNA extracts were used to prepare Illumina libraries using a 
double-indexing PCR with a variable number of 9-14 cycles (Kircher et al., 2012) 
per individual library (Table S4). All library blanks were submitted to 14 cycles 
of amplification but failed to produce any detectable product but low proportions 
of adapter dimers. Amplified libraries were characterised by fluorometric 
quantification (Qubit II, Invitrogen) and capillary electrophoresis (Labchip GX 
Touch, Perkin-Elmer) and pooled in equimolar amounts. The multiplexed 
libraries were sequenced on a Illumina NovaSeq 6000 instrument (SP flowcell, 
800 M paired-end 2x50 bp reads) at the iGenSeq sequencing facility (“Institut du 
Cerveau”, https://igenseq.institutducerveau-icm.org/).  
 

Sequence filtering, quality control and read mapping 
Reads were subjected to quality control, adapters trimming and merging using 
FastQC v.0.12.0 (Andrews, 2010) and fastp v.0.23.1 (Chen et al., 2018). For the 
trimming, default commands were used except for two options to account for the 
short length of the reads: --length_required option was set to 25 nucleotides, and 
–overlap_len_require was lowered from 30 to 10 nucleotides. Reads were then 
mapped using BWA v. 0.7.17 (Li & Durbin, 2009) to the corresponding plant 
reference genomes (Table S2) to filter out the plant sequences. The pool of 
unmapped reads that includes the host plant microbiome (e.g. eubacteria, 
archaea, fungi, micro-eukaryotes, viruses) was extracted using Samtools v. 1.14 
(Danecek et al., 2021). The unmapped reads were further mapped to the h28 
human reference genome (accession No. GCF_000001405.26) to exclude any 
human contamination. 
 

Ancient DNA validation and comparison to modern microbiomes  
The rate of cytosine deamination at the extremities of the reads was assessed 
using MapDamage2 (Jónsson et al., 2013) based on the frequencies of transitions 
and transversions in alignments to reference genomes. MapDamage was 
separately run on the plant reads (Table S2) and on reads affiliated to the 10 most 
abundant bacterial genera identified in the microbiome dataset (cf. details on the 
classification in the next section) using reference genomes from NCBI (April 
2023; Table S3). For both plants and bacteria, the distribution of metagenomic 

https://igenseq.institutducerveau-icm.org/
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fragment lengths was compared for the different groups using ANOVA testing 
in R 4.2.2 (R Core Team, 2021). 
Microbiome reads were compared with modern metagenomes from the Earth 
Microbiome Project (EMP, Thompson et al., 2017) using the Qiita platform 
(Gonzalez et al., 2018). Qiita offers access to a supercomputer to upload, search, 
and analyse metagenomic samples jointly using Qiime2 (v.2023.2, Bolyen et al., 
2019). Herbarium metagenomes were uploaded to Qiita, merged with the EMP 
samples, aligned using Bowtie2 (Langmead et al., 2009) to the WoLr2 database 
(“Web of Life” release 2), and classified using Woltka (v.0.1.4, Zhu et al., 2022) 
to obtain feature tables across the same WoL reference genomes. These tables 
were used to measure alpha and beta diversity into Qiita, using Qiime2. To 
explore differences in composition and diversity among various microbiomes, 
the core_metrics function of Qiime2 v.2023.2.0 (Bolyen et al., 2019) was 
employed. 
 

Analysis of microbial community composition and diversity 
The microbiome reads were taxonomically annotated using Kaiju v1.9.0 (Menzel 
et al., 2016), which confronts translated sequences to a database of bacterial, 
archeal and protists (including fungi) proteomes (nr_euk data bank release 2021-
03, https://github.com/bioinformatics-centre/kaiju). Abundance tables of phylum 
and genus level were obtained and further explored in R. The Shannon alpha 
diversity metric was calculated for each sample using the fossil package v.0.4.0 
(Vavrek MJ, 2011) and the vegan package v.2.6-4 (Oksanen et al., 2022). 
Statistical differences were assessed using the Kruskal-Wallis test. For beta 
diversity, a Bray-Curtis dissimilarity matrix was calculated using vegan based on 
feature tables created using fossil and Hellinger transformed using labdsv 2.1-0 
(Roberts, 2023). This matrix was explored with Principal Coordinates Analysis 
(PCoA, Anderson & Willis, 2003) using ape v.5.7-1 (Paradis et al., 2004). 
Permutational analysis of variance (PERMANOVA) were conducted using the 
'adonis' function of vegan, scrutinizing community structure across taxa (genus 
and phylum levels), collection sites, and sample type (soil versus root). Diversity 
measures for Bacteria-Archaea and Eukarya were repeated both at phylum and 
genus levels. DESeq2 v.1.26.0 (Love et al., 2014) was run to detect differentially-
abundant genera across sample types. In addition to these analyses, the sequences 
were also analysed with Simka, a de novo tool for comparative metagenomics 
that represents each data set as a k-mer spectrum based on read similarity. It is 

https://github.com/bioinformatics-centre/kaiju
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thus possible to analyse a priori, without any taxonomic affiliation, the influence 
the different studied factors (site, matrix, and plant host) on the total sequence 
datasets of each sample (Benoit et al., 2020). 
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Results 
DNA extraction, sequencing and sequence analysis 
DNA was successfully extracted from all 39 herbarium leaf, root, and soil 
samples representing four plant species collected in four geographic sites in 
France ca 120 years ago. Total amounts of extracted DNA ranged from 64 to 398 
ng for root/leaf samples and from 787 to 1203 ng for soil samples. Electrophoretic 
separation of amplified library DNA fragments produced, in all cases, a peak 
lower than 200 bp, corresponding to a majority of DNA inserts shorter than 70 
bp, thus justifying a NovaSeq 6000 run of only 50 cycles. After demultiplexing, 
quality control, paired-end reads merging and elimination of reads shorter than 
25 bp, we obtained an average of 21.8 ± 7.7 (min-max: 8.5-40.3) millions of reads 
per sample (Figure S1.A). On average, 67.5 % (50.5-85.4) of the merged 
fragments were shorter than 50 bp. The mean DNA fragment length for the 
different sample types were 40.7, 42.1, and 48.0 bp for the leaf, root, and 
rhizosphere samples, respectively (Figure S1.B). The average read duplication 
rate was only on average 3 % per library. Average percentage of reads mapping 
onto plant genomes varied between 87.5 % (86.8-88.6), 62 % (24.09-85.9), and 
23.54 % (3.8-49.8) for leaves, roots, and soil samples respectively (Table S4). 
On average 0.4 % of reads mapped to the human genome with only three samples 
that had percentages above 0.7 % (Table S4). 

Size distributions were evaluated separately for the sequences that 
mapped onto a plant genome, and for the microbiome reads that mapped onto 
genomes of the 10 most represented bacterial genera Streptomyces, 
Nocardioides, Pseudomonas, Flavobacterium, Bradyrhizobium, Lentzea, 
Microbacterium, Sphingomonas, Massilia, Devosia. These 10 genera belong to 
three different phyla (Proteobacteria, Actinobacteria and Bacteroidetes). Sample 
average length of merged reads (i.e. the size of extracted DNA fragments) never 
exceeded 50 bp and statistically supported (P<0.001, ANOVA) differences 
between sample types (Figure 1.C) were observed. On average, plant DNA 
fragments were ca. 10 nucleotides longer than microbiome DNA fragments. The 
length of the microbiome fragments also differed between bacterial genera. 
Fragments attributed to Flavobacterium were ca. 15 nucleotides longer than 
fragments attributed to the nine other genera. Of the ten microbial taxa, 
Flavobacterium had the lowest genome GC-content (around 35 % versus 61-72 
% for the other 9 bacterial genera, Fig. 1.C). The sample type (root, rhizospheric 
soil or leaf) from which DNA was extracted had a significant effect on DNA 
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fragment size. Except for sequences that mapped to Streptomyces, Massilia and 
Lentzea, DNA extracted from soil was less fragmented than plant DNA or than 
microbial DNA extracted from plant tissues (roots or leaves, P<0.05, ANOVA 
Figure 1.B). 
 Besides high fragmentation, another typical feature of aDNA is cytosine 
deamination. This damage preferentially occurs at DNA fragment overhangs and 
results in higher apparent C-to-T and G-to-A substitutions at the 5’ and 3’ ends 
of the molecules, respectively. Substitutions were quantified for the fragments 
mapping to host plant genomes or to the selected bacterial genera. In all samples 
and for all taxa, the rates of C-to-T and G-to-A substitutions were higher than 
background at the 5’ and 3’ terminal positions, respectively and displayed typical 
curves for ancient DNA libraries when progressing inward (illustrated in Fig. 1 
for Triticum durum and two representative bacterial genera). For plant sequences, 
substitution rates at the first position of the DNA fragments were in the range of 
0.014-0.022; while it was slightly higher (0.022-0.032) in the case of bacterial 
sequences.  



 
 

133  

 

 



 

 134 

 

Below ground herbaria microbial communities cluster with extant soil ones   
Integration of herbarium microbiomes into the 817 metagenomes collected for 
EMP in highly contrasted environments, including soil and plant organs, was 
performed to evaluate if conservation in herbaria altered the taxonomic diversity 
of their microbial communities, and if they were inadvertently contaminated by 
other communities. PCoA ordination of all metagenomes labelled by 
environment and project (EMP or herbarium) showed that soil and root 
herbarium samples grouped with metagenomes from extant non-saline soils and 
sediments. Herbarium-associated metagenomes were clearly distinct from 
metagenomes of animals, aquatic environments (fresh or saline waters, saline 
sediments), and plant surfaces (aerial surfaces of vascular plants or surfaces of 
algae, Fig.2). Two of the three herbarium leaf microbiomes and only one 
herbarium root microbiome did not tightly cluster with extant soil metagenomes.  
  

Figure 2. Analysis of DNA extracted from herbarium samples highlights typical signatures of 

ancient DNA and suggests plant/soil and species-dependent effects on patterns of degradation. A. an 

illustration of the herbarium plants with associated soil used for the experiments; numbers in parenthesis 

refer to their “RecolNat” accession numbers (https://explore.recolnat.org/search/botanique/type=index). 

B. Length distribution and deamination profiles of DNA fragments (merged reads) extracted from Triticum 

durum roots (blue curves) and associated soil (in red) affiliated to T. durum, Streptomyces and 

Nocardioides. Deamination profiles are illustrated for the first 25 nucleotides at the 5’ end (G to A 

transitions) and 3’ one (C to T transitions). C. Distribution (box plots) of the average lengths of the 

sequenced DNA fragments extracted from 39 leaf (green), root (blue) and soil-associated (red) herbarium 

specimens. Each box plot refers to the fragments assigned to either a plant genome (4 species), or one of 

the 10 most abundant bacterial genera. Different letters below the plots indicate statistically supported 

(P<0.001) differences between taxa; while asterisks indicate, for each of the taxa, significant (P<0.05) 

differences in the average length of the fragments extracted from soil and plant tissues.  

https://explore.recolnat.org/search/botanique/type=index
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Taxonomic annotation and alpha diversity 
Using Kaiju, 85.2% of the microbiome sequences did not receive any taxonomic 
affiliation. At the phylum level, 95.82 % of the annotated sequences were 
assigned to Bacteria, 2.74 % to Eukarya, 1.36 % to Archaea and 0.08 % to 
viruses. A genus-level assignation was obtained for 53.23 % of the bacterial 
sequences and for 83.16 % of the Eukaryotic ones. The five most represented 
bacterial phyla were, in the following order, Proteobacteria, Actinobacteria, 
Bacterioidetes, Planctomycetes and Acidobacteria. Eukarya was mainly 

Figure 2. Herbarium associated soil and root microbial communities cluster with extant soil 

communities. Herbarium soil and root microbial communities (empty triangles) cluster close to extant 

soil communities (pink dots) in a global analysis of microbial communities sampled in highly contrasted 

environments worldwide (dots). Principal Coordinates Analysis (PCoA) ordination is based on Bray 

Curtis indices computed using the Qiita management platform. Note that two of the three herbarium 

samples located under the 0.0 value of the PCoA2 axis are two of the three communities from leaves 

(green triangles). 

Sample type Sample origin

Earth microbiome project 

Herbarium samples
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represented by fungi (essentially Ascomycota, Basidiomycota and 
Mucoromycota that encompassed symbiotic Glomeromycotina). More than one 
percent of the sequences were also affiliated to other unicellular eukaryotes (e.g. 
Oomycota, Ciliophora, or Apicomplexa, Fig.3.A). Since DNA was extracted 
from minute amounts of material, no Metazoa genome alignment was attempted. 
 Shannon alpha diversity indices calculated at the genus level were 
globally higher for soil compared to root samples (P<0.01; Kruskal-Wallis). This 
global difference holds true for each individual herbarium plant sample ( 
 3.B). At the genus level, in the case of bacteria from the collection site of Saint-
Cloud, a large proportion of the genera were identified in both soil and roots (53 
and 71 % for genera represented by at least 0.3 or 0.05 % of the total number of 
reads, respectively). Genera identified only in soil outnumbered those identified 
only in roots (39 versus 25 or 104 versus 42 for genera represented by at least 0.3 
or 0.05 % of the total number of reads, respectively). A similar distribution 
pattern between roots and soil was also observed for eukaryotic taxa (Fig. S2). 
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Figure 3. Taxonomic (alpha) diversity of herbarium-associated soil and root microbial communities. A. 

Taxonomic composition (phylum level) of eukaryotic (top) and bacterial (bottom) microbial communities 

associated with the roots or the soils of the four studied plant species. Each bar represents the mean value of 

the different replicates of samples collected in Saint Cloud garden in Paris (excluding samples collected from 

other collection sites). Phyla represented by less than 1% of the total number of annotated sequences were 

pooled in a single category (Others). B. Distribution of normalised Shannon biodiversity indices (calculated at 

the genus level) of root and soil eukaryotic and bacterial communities. Dotted lines connect the values of the 

root and soil communities of each individual herbarium plant sample. Lactuca herbarium plant samples from 

which no soil samples could be collected were excluded from this analysis. 
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Beta diversity analyses 
The factors that affected the microbial community structure were evaluated at 
both phylum and genus levels. At the phylum level, sample type (root versus soil) 
had the strongest effect, over plant host species, collection site, and interaction 
of these terms (P <0.001, PERMANOVA). Clearly, microbial compositions from 
different sample types separate on the NMDS ordination (k=3, stress < 0.05, Fig 
4.A and Table S5). The phyla Planctomycetes, Chloroflexi, Acidobacteria, 
Ciliophora and, to a lesser extent, Verrucomicrobia, that were more abundant in 
soil contributed most to the differences between soil and root communities (Fig. 
4.A). Root communities tended to be slightly richer in fungal (Basidiomycota, 
Mucoromycota) and Actinobacteria sequences than soil ones (Fig 3.A). 
 At the genus level, a similar sample type effect for both Bacteria and 
Eukarya on community composition was observed (P<0.001, PERMANOVA, 
Table S5). At that taxonomic level, a plant species effect was also detected 
(P<0.001, PERMANOVA) in eukaryotic and bacterial root communities (Fig. 
S3 and Table S6). PCoA ordination of the samples also illustrated the separation 
between the soil and root samples, and to some extent the separation between 
root samples from different plant species (Fig. S3). While the first axis of the 
PCoA ordination highlighted the differences between root and soil communities, 
the second axis separated soil and root communities of plants collected in Saint-
Cloud from soil and root communities of plants collected in the other three sites. 
(Fig 4). Regarding plant species, for bacteria, both axes contributed to the 
separation of Lactuca and Secale root samples, while for Eukarya, both axes 
contributed to the separation of Lactuca samples from all other species’ root 
samples (Fig. S3). 
In the case of microbial genera, we used DESeq2 to identify taxa whose 
abundance differed between root and rhizospheric soil samples (Fig.5). Clear 
taxonomic differences between soil or root-enriched bacterial taxa were 
observed. While 8 of the 19 root-enriched taxa belonged to Actinomycetes (42 
%), none belonged to Planctomycetes or Acidobacteria, which were identified in 
soil (6 of the 15 genera, i.e. 40 %). In the case of Eukarya, although only 12 
genera were retained as being significantly enriched in either soil (4 genera) or 
roots (8 genera), these two categories sharply differed with respect to their 
taxonomy, but also to their known patterns of interaction to plants. Among the 
taxa more abundant in roots, at least 6 are either obligate root-symbionts (one 
genus affiliated to the Glomeromycota) or known plant-pathogens, or endophytes 
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affiliated to the Oomycota (in the Peronosporales) or the Fungi (either 
Basidiomycota or Ascomycota). None of these categories related to plant-
microbiome interactions were identified among the four taxa found as more 
abundant in soil. The two fungal genera (Podospora and Madurella) are known 
soil-saprotrophs and the two other taxa are free-living unicellular eukaryotes 
(here Amoebozoa and Alveolata). 

Figure 4. Sampling collection site and sample type (soil versus root) affect herbarium-associated 

communities at both the phylum and genus levels. A. At the phylum level Non-Metric multidimensional 

Scaling (NMDS, k=3, stress < 0.05) ordination based on Bray-Curtis distances illustrates the distribution of 

microbial communities according to collection site and sample type (red: soil; blue: root; filled dots: garden 

of Saint-Cloud, empty triangles: other sites). Explanatory variables (phyla represented by more than 1 % of 

the reads assigned) that significantly (P < 0.05) contributed to the separation of the communities along the 

two axes are indicated. The lower bar gives the percentage of total variance explained by each variable. B. 

and C. Principal Coordinates Analysis ordinations based on Bray-Curtis distances illustrate the distribution of 

eukaryotic (B) and bacterial (C) communities according to collection site and sample type. Venn diagrams 

give the percentage of total variance explained by each of the variables and their interaction (only explained 

variance > 0.01 are reported). 
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Finally, herbarium root and soil microbiomes were also analysed using with 
simka (Benoit et al., 2020), a method independent of taxonomic assignation. The 
results (Fig. 6) also highlight a significant influence of the matrix (soil, root, and 
leaf) and host plant species on the microbiomes , leading to the same conclusions 
as in the case of the taxonomically-assigned sequences (Fig. 5). Separation 
between plant species can nevertheless be questioned by the presence of highly 
repetitive plant sequences (such as transposons or non-coding regions) not 
adequately removed by mapping on plant genomes. It is interesting to observe 
how different sample types (root and soil) are significantly separated in the 
analysis (Table. S7). 
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Figure 5. Bacterial and eukaryotic genera that showed differences in abundance between herbarium 

soil and root samples. Analysis using the DeSeq software allowed identifying taxa that displayed a 

difference in read abundance between the global root and soil sequence datasets above a threshold of 1.5/-

1 for Bacteria and 0.9/-1 for Eukarya (Log2 scale). A. differentially abundant bacterial taxa (P<0.001). 

Taxonomic annotation (phylum level) highlights differences between taxa displaying a higher abundance 

in soil (dominated by Planctomycetes) and those more abundant in roots (dominated by Proteobacteria and 

Actinomycetes). B. differentially abundant eukaryotic taxa (P<0.05). Functional annotation highlights 

differences between taxa displaying a higher abundance in soil (unicellular protists and fungal saprotrophs) 

and those more abundant in roots (dominated by plant pathogens and symbionts). Since reads assigned to 

eukarya were far less abundant compared to those attributed to bacteria, the analysis was restricted to taxa 

with more than 50.000 and 5000 reads in the global dataset for bacteria and eukarya respectively 
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Figure 6. Principal Coordinate analysis of simka output based on k-mer similarity between each 
herbarium sequence datasets. The impact of both matrix (soil, root-leaf) and host plant species 
were significant (P < 0.001, Table S7) 
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Discussion 
Analysis of DNA extracted from herbarium soil and plant roots validates our 
hypothesis that this material is suitable to evaluate the past diversity of soil 
microorganisms, for the period under scrutiny (from at least the beginning of the 
20th century). The extraction protocol, optimised for sediment samples (Murchie 
et al., 2021), was effective in recovering DNA present in limited samples of both 
soil and roots from four collection sites and associated to four different plant 
species. Enzymatic manipulation of the DNA (with proteinase K during 
extraction and various enzymes and polymerases during library preparation) was 
not prevented by the historical treatments by trichloro(nitro)methane 
(chloropicrin) and Mercury(II)-chloride used for preservation and disinfection 
(Staats et al., 2011; Herbarium of Lyon, personal communication).  
DNA fragment length was on average below 50 bp, which is in the range of what 
has been reported for herbarium plants (Särkinen et al., 2012; Staats et al., 2011) 
and one of the typical characteristics of aDNA (Pääbo et al., 2004). However, the 
average length of the extracted DNA appears to be significantly affected upon 
the extraction sample type and slightly variable among the taxa considered. In 
most cases, including for the plant DNA, the fragments extracted from soil are 
longer than those extracted from plant tissues, either roots or leaves. This may 
result from a protective effect of the soil environment (salt content, presence of 
minerals adsorbing DNA, fast desiccation) over DNA fragmentation by 
depurination, a process known to be affected in vitro by different physico-
chemical parameters such as low pH, presence of water, metal ions or polycations 
(An et al., 2014, 2017). Regarding the “microbial taxon effect” on DNA 
degradation, it seems to be linked to genome GC-content; the higher the GC-
content, the higher the degradation (lower average fragment size). This 
phenomenon could result from a greater depurination sensitivity for guanine 
compared to adenine residues, as suggested for the human genome (Kunkel, 
1984). Alternatively we cannot exclude that it could result from a technical bias 
that occurs during the preparation or the sequencing of the libraries. Illumina 
sequencing is known to be negatively affected by uneven GC-content (Chen et 
al. 2013; Benjamini & Speed 2012), yet no significant effect of this parameter on 
the produced read length has ever been documented. 
 Beside the DNA fragmentation, we also highlighted cytosine deamination 
at both ends of the DNA fragments from either plant or microbial origin. Both 
these features testify of the ancient origin of the extracted DNA and presumably 
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of the low contamination level by modern organisms, an expected result for 
herbarium samples that have been desiccated rapidly after collection and kept dry 
since then. In addition, no positive amplification was obtained from any of the 
extraction and library control blank, which excludes contamination of the 
samples during the laboratory experiments. Fluctuations in hygrometry during 
conservation that may have allowed occasional secondary microbial colonisation 
of the soil and roots cannot however be fully ruled out. Post-mortem colonisation 
of herbarium plants was indeed hypothesised by Bieker et al. (2020) to explain 
the presence of several fungal taxa, specific to leaves of Ambrosia and 
Arabidopsis herbarium plants that were not observed in modern, fresh leaf 
samples. 

Confrontation of microbial DNA root and soil datasets to numerous 
microbiomes from highly contrasted environments showed that none of our 
samples behaved as outliers in the PCoA ordination but almost all clustered with 
modern soil samples and not with samples from other environments. This is a 
further indication that secondary contamination of the samples was minimal and 
that preservation in herbaria did not grossly alter the relative proportions of the 
microorganisms that characterised the original communities. This procedure is 
crucial to detect possible microbial contamination during the preservation period 
and will need to be performed on each new herbarium specimen before 
microbiome investigations.  

We also observed that root microbial communities were always less 
diverse than their cognate soil ones and that taxa (genera) identified in roots were, 
for a majority of them, also present in soils. These observations are also in line 
with what is known of root microbial communities that are mostly recruited 
horizontally from the surrounding local pool of soil microorganisms (Edwards et 
al., 2015; Xun et al., 2021). 

In terms of community structure, herbarium soil and root microbial 
communities also follow well-described assembly rules. In the literature, the 
sampling site, with local specific climate and physico-chemical features, is 
always the main factor affecting soil community composition (Peiffer et al. 
2013). In the present study, although our sampling design, with regard to this 
factor, was highly unbalanced; all samples from the “Saint-Cloud” site clearly 
grouped together in a PCoA ordination (genus level) and were clearly separated 
from the few samples collected in three other sites. 

https://www.pnas.org/doi/full/10.1073/pnas.1302837110#con1
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In plant microbiology, the second most important factor controlling 
microbial community composition is the sample type, in our case soil and root 
(Xiong et al., 2021). Once again, we observed a clear sample type effect on 
community composition at both phylum and genus levels. Visualisation of this 
effect was certainly facilitated by the analysis of herbarium plants that, for most 
of them, were grown in a single and restricted site (a garden in the town of Saint-
Cloud) thus minimising the confounding collection site effect. Furthermore, the 
very clear sample type effect was observed in spite of a potentially significant 
level of cross-contamination between soil and root herbarium samples. 
Herbarium root samples cannot indeed be totally freed of adhering soil particles, 
as would be the case for fresh ones that are usually cleaned by sonication. At the 
phylum level, Acidobacteria and Chloroflexi, were consistently more abundant 
in soils as already observed in other studies that compared different plant species 
grown in different sites (Tkacz et al., 2020; Xiong et al., 2021). Soils were also 
globally enriched in Planctomycetes and Acidobacteria, that predominated 
among genera found enriched in soil. Phylum Planctomycetes is known to 
actively participate in ammonium oxidation, a key step of the nitrogen cycle, 
notably in soils. At the genus level, functional roles assigned to eukaryotic taxa 
enriched in soil or roots were in line with their known associations to plants, with 
mostly pathogenic and mutualistic taxa among root-enriched taxa that were 
completely absent among soil-enriched ones that were free-living unicellular 
eukaryotes and saprotrophic fungi. It is worth emphasising that the root-enriched 
mutualistic taxon belongs to the Glomeromycota that need a living plant host for 
their growth and therefore cannot represent post-harvest external secondary 
contaminants of the samples. 
 Finally, a third, albeit less pronounced effect, is that of the plant species 
in the case of root communities. Although communities from all plant species 
could not be separated, it is worth mentioning that for both Bacteria and Eukarya, 
Lactuca-associated communities differ from communities associated with other 
plants that belonged to the phylogenetically distant Poaceae family. 

Altogether, these different observations support the hypothesis that 
herbarium material retains the original characteristics of the plant and soil-
associated microbiome as it was when the plants were collected. The approach 
can thus be extended to a larger number of samples to evaluate how cultivated 
soil microbiomes have been historically affected by the evolution of farming 
practices. Visual inspection of digitalized herbaria indicates that for several 



 

 146 

cultivated plant species, particularly cereals, numerous specimens have been 
preserved with associated rhizospheric soil. It is thus possible to analyse time 
series of different plants that cover a period of time that spans almost two 
centuries, the period during which most of the herbarium collections have been 
established. 
  



 
 

147  

Acknowledgements 
Work on ancient plant-associated microbiota at the MNHN was supported by 
grant ATM2021 (HoloHerbier) and the Emergence program of Sorbonne 
Université (HerbaSoil). GG was supported by a PhD grant from the University 
of Turin and a mobility grant from the French-Italian University (program da 
Vinci 2022). VB was supported by the Short-Term Mobility (2023) program of 
the CNR. LB acknowledges the Institut Universitaire de France for her 5-year 
nomination as Junior Member (2020-2025). We thank the Herbarium of 
Université Lyon 1 and its curator Mélanie Thiebaut for granting access to 
material from its collections. We thank the Platform P2GM from the MNHN, for 
granting access to their ancient DNA facilities. We are grateful to the INRAE 
MIGALE bioinformatics facility (MIGALE, INRAE, 2020. Migale 
bioinformatics Facility, doi: 10.15454/1.5572390655343293E12) for providing 
advice and computing and storage resources. 
 

Data availability 
Sequence datasets analysed during the current study are available in the EMBI-
ENA database under Bioproject PRJEB75398 
(https://www.ebi.ac.uk/ena/browser/view/PRJEB75398). 
  

https://www.ebi.ac.uk/ena/browser/view/PRJEB75398


 

 148 

References 
An, R., Dong, P., Komiyama, M., Pan, X., & Liang, X. (2017). Inhibition of nonenzymatic 

depurination of nucleic acids by polycations. FEBS Open Bio, 7(11), 1707. 
https://doi.org/10.1002/2211-5463.12308 

An, R., Jia, Y., Wan, B., Zhang, Y., Dong, P., Li, J., & Liang, X. (2014). Non-enzymatic 
depurination of nucleic acids: factors and mechanisms. PloS One, 9(12). 
https://doi.org/10.1371/JOURNAL.PONE.0115950 

Andrews, S. (2010). FastQC:  A Quality Control Tool for High Throughput Sequence Data 
[Online]. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

Anderson, M. J., & Willis, T. J. (2003). CANONICAL ANALYSIS OF PRINCIPAL 
COORDINATES: A USEFUL METHOD OF CONSTRAINED ORDINATION FOR 
ECOLOGY. Ecology, 84(2), 511–525. https://doi.org/10.1890/0012-
9658(2003)084[0511:CAOPCA]2.0.CO;2 

Banerjee, S., & van der Heijden, M. G. A. (2022). Soil microbiomes and one health. Nature 
Reviews Microbiology 2022 21:1, 21(1), 6–20. https://doi.org/10.1038/s41579-022-00779-
w 

Bardgett, R. D., & Van Der Putten, W. H. (2014). Belowground biodiversity and ecosystem 
functioning. Nature 2014 515:7528, 515(7528), 505–511. 
https://doi.org/10.1038/nature13855 

Barouillet, C., Vasselon, V., Keck, F., Millet, L., Etienne, D., Galop, D., Rius, D., & Domaizon, 
I. (2022). Paleoreconstructions of ciliate communities reveal long-term ecological changes 
in temperate lakes. Scientific Reports, 12(1), 1–12. https://doi.org/10.1038/s41598-022-
12041-7 

Benjamini Y, Speed TP. Summarizing and correcting the GC content bias in high-throughput 
sequencing. Nucleic Acids Res. 2012 May;40(10):e72. doi: 10.1093/nar/gks001. Epub 
2012 Feb 9. PMID: 22323520; PMCID: PMC3378858. 

Benoit, G., Mariadassou, M., Robin, S., Schbath, S., Peterlongo, P., & Lemaitre, C. (2020). 
SimkaMin: Fast and resource frugal de novo comparative metagenomics. Bioinformatics, 
36(4), 1275–1276. https://doi.org/10.1093/bioinformatics/btz685 

Berg, G., & Cernava, T. (2022). The plant microbiota signature of the Anthropocene as a 
challenge for microbiome research. Microbiome, 10(1), 1–12. 
https://doi.org/10.1186/S40168-021-01224-5/FIGURES/1 

Bianciotto, V., Selosse, M. A., Martos, F., & Marmeisse, R. (2022). Herbaria preserve plant 
microbiota responses to environmental changes. Trends in Plant Science, 27(2), 120–123. 
https://doi.org/10.1016/J.TPLANTS.2021.11.012 

Bieker, V. C., Sánchez Barreiro, F., Rasmussen, J. A., Brunier, M., Wales, N., & Martin, M. D. 
(2020). Metagenomic analysis of historical herbarium specimens reveals a postmortem 
microbial community. Molecular Ecology Resources, 20(5), 1206–1219. 
https://doi.org/10.1111/1755-0998.13174 

Bolyen, E., Ram Rideout, J., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 
Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger, K., 
Brejnrod, A., Brislawn, C. J., Titus Brown, C., Callahan, B. J., Caraballo-Rodramp, M., 
Chase, J., … Gregory Caporaso, J. (2019). Reproducible, interactive, scalable and 
extensible microbiome data science using QIIME 2. Nat Biotechnol , 37, 852–857. 
https://doi.org/10.1038/s41587-019-0190-3 

Brealey, J. C., Leitão, H. G., Hofstede, T., Kalthoff, D. C., & Guschanski, K. (2021). The oral 
microbiota of wild bears in Sweden reflects the history of antibiotic use by humans. Current 
Biology, 31(20), 4650-4658.e6. https://doi.org/10.1016/J.CUB.2021.08.010 

https://doi.org/10.1371/JOURNAL.PONE.0115950
https://doi.org/10.1038/s41598-022-12041-7
https://doi.org/10.1038/s41598-022-12041-7
https://doi.org/10.1016/J.CUB.2021.08.010


 
 

149  

Hernán A. Burbano, Rafal M. Gutaker ,Ancient DNA genomics and the renaissance of 
herbaria.Science382,59-63(2023).DOI:10.1126/science.adi1180 

Chen YC, Liu T, Yu CH, Chiang TY, Hwang CC. Effects of GC bias in next-generation-
sequencing data on de novo genome assembly. PLoS One. 2013 Apr 29;8(4):e62856. doi: 
10.1371/journal.pone.0062856. PMID: 23638157; PMCID: PMC3639258. 

Chen, S., Zhou, Y., Chen, Y., & Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. 
Bioinformatics (Oxford, England), 34(17), i884–i890. 
https://doi.org/10.1093/BIOINFORMATICS/BTY560 

Danecek, P., Bonfield, J. K., Liddle, J., Marshall, J., Ohan, V., Pollard, M. O., Whitwham, A., 
Keane, T., McCarthy, S. A., & Davies, R. M. (2021). Twelve years of SAMtools and 
BCFtools. GigaScience, 10(2), 1–4. https://doi.org/10.1093/GIGASCIENCE/GIAB008 

Daru, B. H., Bowman, E. A., Pfister, D. H., & Arnold, A. E. (2018). A novel proof of concept for 
capturing the diversity of endophytic fungi preserved in herbarium specimens. 
Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences, 
374(1763). https://doi.org/10.1098/RSTB.2017.0395 

DeLeo, V. L., Menge, D. N. L., Hanks, E. M., Juenger, T. E., & Lasky, J. R. (2020). Effects of 
two centuries of global environmental variation on phenology and physiology of 
Arabidopsis thaliana. Global Change Biology, 26(2), 523–538. 
https://doi.org/10.1111/GCB.14880 

Denney, D. A., & Anderson, J. T. (2020). Natural history collections document biological 
responses to climate change. Global Change Biology, 26(2), 340–342. 
https://doi.org/10.1111/GCB.14922 

Desprez-Loustau, M.-L., Cile Robin, C., Bué, M., Gis Courtecuisse, R., Garbaye, J., Dé Ric 
Suffert, F., Sache, I., & Rizzo, D. M. (2007). The fungal dimension of biological invasions. 
TRENDS in Ecology and Evolution, 22(9), 472–480. 
https://doi.org/10.1016/j.tree.2007.04.005 

Edwards, J., Johnson, C., Santos-Medellín, C., Lurie, E., Podishetty, N. K., Bhatnagar, S., Eisen, 
J. A., Sundaresan, V., & Jeffery, L. D. (2015). Structure, variation, and assembly of the 
root-associated microbiomes of rice. Proceedings of the National Academy of Sciences of 
the United States of America, 112(8), E911–E920. 
https://doi.org/10.1073/PNAS.1414592112/-
/DCSUPPLEMENTAL/PNAS.1414592112.SD01.XLSX 

Fellows Yates, J. A., Velsko, I. M., Aron, F., Posth, C., Hofman, C. A., Austin, R. M., Parker, C. 
E., Mann, A. E., Nagele, K., Arthur, K. W., Arthur, J. W., Bauer, C. C., Crevecoeur, I., 
Cupillard, C., Curtis, M. C., Dalen, L., Bonilla, M. D. Z., Fernandez-Lomana, J. C. D., 
Drucker, D. G., … Warinner, C. (2021). The evolution and changing ecology of the African 
hominid oral microbiome. Proceedings of the National Academy of Sciences of the United 
States of America, 118(20), e2021655118. 
https://doi.org/https://www.pnas.org/doi/abs/10.1073/pnas.2021655118 

Gonzalez, A., Navas-Molina, J. A., Kosciolek, T., McDonald, D., Vázquez-Baeza, Y., 
Ackermann, G., DeReus, J., Janssen, S., Swafford, A. D., Orchanian, S. B., Sanders, J. G., 
Shorenstein, J., Holste, H., Petrus, S., Robbins-Pianka, A., Brislawn, C. J., Wang, M., 
Rideout, J. R., Bolyen, E., … Knight, R. (2018). Qiita: rapid, web-enabled microbiome 
meta-analysis. Nature Methods, 15(10), 796–798. https://doi.org/10.1038/s41592-018-
0141-9 

Grasso, G., Bianciotto, V., & Marmeisse, R. (2024a). Paleomicrobiology: Tracking the past 
microbial life from single species to entire microbial communities. Microbial 
Biotechnology, 17(1). https://doi.org/10.1111/1751-7915.14390 

Grasso, G., Rotunno, S., Debruyne, R., Bittner, L., Miozzi, L., Marmeisse, R., & Bianciotto, V. 
(2024b). Identification of DNA Viruses in Ancient DNA from Herbarium Samples. 

https://doi.org/10.1093/BIOINFORMATICS/BTY560


 

 150 

Methods in Molecular Biology, 2732, 221–234. https://doi.org/10.1007/978-1-0716-3515-
5_15/COVER 

Heberling, J. M., & Burke, D. J. (2019). Utilizing herbarium specimens to quantify historical 
mycorrhizal communities. Applications in Plant Sciences, 7(4). 
https://doi.org/10.1002/APS3.1223 

Jónsson, H., Ginolhac, A., Schubert, M., Johnson, P. L. F., & Orlando, L. (2013). mapDamage2.0: 
fast approximate Bayesian estimates of ancient DNA damage parameters. Bioinformatics, 
29(13), 1682–1684. https://doi.org/10.1093/BIOINFORMATICS/BTT193 

Keck, F., Millet, L., Debroas, D., Etienne, D., Galop, D., Rius, D., & Domaizon, I. (2020). 
Assessing the response of micro-eukaryotic diversity to the Great Acceleration using lake 
sedimentary DNA. Nature Communication, 11(1), 1–8. https://doi.org/10.1038/s41467-
020-17682-8 

Kircher, M., Sawyer, S., & Meyer, M. (2012). Double indexing overcomes inaccuracies in 
multiplex sequencing on the Illumina platform. Nucleic Acids Research, 40(1). 
https://doi.org/10.1093/NAR/GKR771 

Kunkel, T. A. (1984). Mutational specificity of depurination . Proc. Natl. Acad. Sci. USA, 81, 
1494–1498. 

Lang, P. L. M., Erberich, J. M., Lopez, L., Weiß, C. L., Amador, G., & Fung, H. F. (2022). 
Century-long timelines of herbarium genomes predict plant stomatal response to climate 
change. BioRxiv, 8721(Ll), 0–3. https://doi.org/10.1101/2022.10.23.513440 

Langmead, B., Trapnell, C., Pop, M., & Salzberg, S. L. (2009). Ultrafast and memory-efficient 
alignment of short DNA sequences to the human genome. Genome Biology, 10(3), 1–10. 
https://doi.org/10.1186/GB-2009-10-3-R25/TABLES/5 

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows–Wheeler 
transform. Bioinformatics, 25(14), 1754–1760. 
https://doi.org/10.1093/BIOINFORMATICS/BTP324 

Liu, X., Le Roux, X., & Salles, J. F. (2022). The legacy of microbial inoculants in agroecosystems 
and potential for tackling climate change challenges. IScience, 25(3), 103821. 
https://doi.org/10.1016/J.ISCI.2022.103821 

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and dispersion 
for RNA-seq data with DESeq2. Genome Biology, 15(12), 1–21. 
https://doi.org/10.1186/S13059-014-0550-8/FIGURES/9 

Maixner, F., Sarhan, M. S., Huang, K. D., Tett, A., Schoenafinger, A., Zingale, S., Blanco-
Míguez, A., Manghi, P., Cemper-Kiesslich, J., Rosendahl, W., Kusebauch, U., Morrone, S. 
R., Hoopmann, M. R., Rota-Stabelli, O., Rattei, T., Moritz, R. L., Oeggl, K., Segata, N., 
Zink, A., … Kowarik, K. (2021). Hallstatt miners consumed blue cheese and beer during 
the Iron Age and retained a non-Westernized gut microbiome until the Baroque period. 
Current Biology, 31(23), 5149-5162.e6. https://doi.org/10.1016/j.cub.2021.09.031 

Menzel, P., Ng, K. L., & Krogh, A. (2016). Fast and sensitive taxonomic classification for 
metagenomics with Kaiju. Nature Communications 2016 7:1, 7(1), 1–9. 
https://doi.org/10.1038/ncomms11257 

Murchie, T. J., Kuch, M., Duggan, A. T., Ledger, M. L., Roche, K., Klunk, J., Karpinski, E., 
Hackenberger, D., Sadoway, T., Macphee, R., Froese, D., Poinar, H., & Corresponding, *. 
(2021). Optimizing extraction and targeted capture of ancient environmental DNA for 
reconstructing past environments using the PalaeoChip Arctic-1.0 bait-set. Quaternary 
Research, 99, 305–328. https://doi.org/10.1017/qua.2020.59 

Nic Lughadha, E., Bachman, S. P., Leão, T. C. C., Forest, F., Halley, J. M., Moat, J., Acedo, C., 
Bacon, K. L., Brewer, R. F. A., Gâteblé, G., Gonçalves, S. C., Govaerts, R., Hollingsworth, 
P. M., Krisai-Greilhuber, I., de Lirio, E. J., Moore, P. G. P., Negrão, R., Onana, J. M., 



 
 

151  

Rajaovelona, L. R., … Walker, B. E. (2020). Extinction risk and threats to plants and fungi. 
Plants, People, Planet, 2(5), 389–408. https://doi.org/10.1002/PPP3.10146 

Pääbo, S., Poinar, H., Serre, D., Jaenicke-Després, V., Hebler, J., Rohland, N., Kuch, M., Krause, 
J., Vigilant, L., & Hofreiter, M. (2004). Genetic analyses from ancient DNA. Annual 
Review of Genetics, 38, 645–679. 
https://doi.org/10.1146/ANNUREV.GENET.37.110801.143214 

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, O'Hara R, Solymos P, 
Stevens M, Szoecs E, Wagner H, Barbour M, Bedward M, Bolker B, Borcard D, Carvalho 
G, Chirico M, De Caceres M, Durand S, Evangelista H, FitzJohn R, Friendly M, Furneaux 
B, Hannigan G, Hill M, Lahti L, McGlinn D, Ouellette M, Ribeiro Cunha  E, Smith T, Stier 
A, Ter Braak C, Weedon J (2022). _vegan: Community Ecology Package_. R package 
version 2.6-4, <https://CRAN.R-project.org/package=vegan> 

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of Phylogenetics and Evolution in 
R language. Bioinformatics, 20(2), 289–290. 
https://doi.org/10.1093/BIOINFORMATICS/BTG412 

Poulton, P. R. (2011). The Rothamsted long-term experiments: Are they still relevant? 
Https://Doi.Org/10.4141/Cjps96-103, 76(4), 559–571. https://doi.org/10.4141/CJPS96-
103 

Pyšek, P., Hulme, P. E., Simberloff, D., Bacher, S., Blackburn, T. M., Carlton, J. T., Dawson, 
W., Essl, F., Foxcroft, L. C., Genovesi, P., Jeschke, J. M., Kühn, I., Liebhold, A. M., 
Mandrak, N. E., Meyerson, L. A., Pauchard, A., Pergl, J., Roy, H. E., Seebens, H., … 
Richardson, D. M. (2020). Scientists’ warning on invasive alien species. Biological 
Reviews, 95(6), 1511–1534. https://doi.org/10.1111/BRV.12627 

Peiffer, J., A.Spor, A.,Koren, O.,Jin, Z.Tringe, S. G., Dangl, J. L., Buckler, E. S., Ley, R. E 
(2013). Diversity and heritability of the maize rhizosphere microbiome under field 
conditions. Proceedings of the National Academy of Sciences, 6548-6553, 110, 16. 
https://doi:10.1073/pnas.1302837110 

Quagliariello, A., Modi, A., Innocenti, G., Zaro, V., Conati Barbaro, C., Ronchitelli, A., Boschin, 
F., Cavazzuti, C., Dellù, E., Radina, F., Sperduti, A., Bondioli, L., Ricci, S., Lognoli, M., 
Belcastro, M. G., Mariotti, V., Caramelli, D., Mariotti Lippi, M., Cristiani, E., … Lari, M. 
(2022). Ancient oral microbiomes support gradual Neolithic dietary shifts towards 
agriculture. Nature Communications 2022 13:1, 13(1), 1–14. 
https://doi.org/10.1038/s41467-022-34416-0 

R Core Team (2021). R: A language and environment for statistical ##   computing. R Foundation 
for Statistical Computing, Vienna, Austria. ##   URL https://www.R-project.org/. 

Roberts David W (2023). Labdsv: Ordination and Multivariate Analysis for Ecology. 
<https://cran.r-project.org/web/packages/labdsv/labdsv.pdf> 

Rull, V. (2021). Biodiversity crisis or sixth mass extinction? EMBO Reports, 23(1). 
https://doi.org/10.15252/EMBR.202154193 

Särkinen, T., Staats, M., Richardson, J. E., Cowan, R. S., & Bakker, F. T. (2012). How to Open 
the Treasure Chest? Optimising DNA Extraction from Herbarium Specimens. PLoS ONE, 
7(8). https://doi.org/10.1371/JOURNAL.PONE.0043808 

Siano, R., Lassudrie, M., Cuzin, P., Briant, N., Loizeau, V., Schmidt, S., Ehrhold, A., Mertens, 
K. N., Lambert, C., Quintric, L., Noël, C., Latimier, M., Quéré, J., Durand, P., & Penaud, 
A. (2021). Sediment archives reveal irreversible shifts in plankton communities after World 
War II and agricultural pollution. Current Biology, 31(12), 2682-2689.e7. 
https://doi.org/10.1016/J.CUB.2021.03.079 

Staats, M., Cuenca, A., Richardson, J. E., Vrielink-Van Ginkel, R., & Petersen, G. (2011). DNA 
Damage in Plant Herbarium Tissue. PLoS ONE, 6(12), 28448. 
https://doi.org/10.1371/journal.pone.0028448 

https://doi.org/10.1146/ANNUREV.GENET.37.110801.143214
https://doi.org/10.1111/BRV.12627
https://doi.org/10.1038/s41467-022-34416-0
https://www.r-project.org/
https://doi.org/10.1371/journal.pone.0028448


 

 152 

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., & Ludwig, C. (2015). The trajectory of the 
Anthropocene: The Great Acceleration. The Anthropocene Review, 2(1), 81-98. 
https://doi.org/10.1177/2053019614564785 

Thakur, M. P., van der Putten, W. H., Cobben, M. M. P., van Kleunen, M., & Geisen, S. (2019). 
Microbial invasions in terrestrial ecosystems. Nature Reviews Microbiology 2019 17:10, 
17(10), 621–631. https://doi.org/10.1038/s41579-019-0236-z 

Thompson, L. R., Sanders, J. G., McDonald, D., Amir, A., Ladau, J., Locey, K. J., Prill, R. J., 
Tripathi, A., Gibbons, S. M., Ackermann, G., Navas-Molina, J. A., Janssen, S., Kopylova, 
E., Vázquez-Baeza, Y., González, A., Morton, J. T., Mirarab, S., Xu, Z. Z., Jiang, L., … 
Zhao, H. (2017). A communal catalogue reveals Earth’s multiscale microbial diversity. 
Nature 2017 551:7681, 551(7681), 457–463. https://doi.org/10.1038/nature24621 

Tkacz, A., Bestion, E., Bo, Z., Hortala, M., & Poole, P. S. (2020). Influence of plant fraction, 
soil, and plant species on microbiota: A multikingdom comparison. MBio, 11(1). 
https://doi.org/10.1128/MBIO.02785-19/ASSET/C87D6EF3-55B5-45C3-8DA3-
B982F8F2C8BE/ASSETS/GRAPHIC/MBIO.02785-19-F0006.JPEG 

Vavrek MJ (2011). “fossil: palaeoecological and palaeogeographical analysis tools.” 
Palaeontologia Electronica, 14(1), 1T. R package version 0.4.0. 

Wang, L., Li, Q., li, C., Wu, C., Chen, F., Chen, X., & Zhang, F. (2023). Nitrate Nitrogen and pH 
Correlate with Changes in Rhizosphere Microbial Community Assemblages during 
Invasion of Ambrosia artemisiifolia and Bidens pilosa. Microbiology Spectrum, 11(1). 
https://doi.org/10.1128/SPECTRUM.03649-22 

Weiß, C. L., Schuenemann, V. J., Devos, J., Shirsekar, G., Reiter, E., Gould, B. A., Stinchcombe, 
J. R., Krause, J., & Burbano, H. A. (2016). Temporal patterns of damage and decay kinetics 
of DNA retrieved from plant herbarium specimens. R. Soc. Open Sci, 3:160239. 
https://doi.org/10.1098/rsos.160239 

Xiong, C., Singh, B. K., He, J. Z., Han, Y. L., Li, P. P., Wan, L. H., Meng, G. Z., Liu, S. Y., 
Wang, J. T., Wu, C. F., Ge, A. H., & Zhang, L. M. (2021). Plant developmental stage drives 
the differentiation in ecological role of the maize microbiome. Microbiome, 9(1), 1–15. 
https://doi.org/10.1186/S40168-021-01118-6/FIGURES/5 

Xun, W., Shao, J., Shen, Q., & Zhang, R. (2021). Rhizosphere microbiome: Functional 
compensatory assembly for plant fitness. Computational and Structural Biotechnology 
Journal, 19, 5487–5493. https://doi.org/10.1016/j.csbj.2021.09.035 

Zhou, Z., Wang, C., & Luo, Y. (2020). Meta-analysis of the impacts of global change factors on 
soil microbial diversity and functionality. Nature Communications 2020 11:1, 11(1), 1–10. 
https://doi.org/10.1038/s41467-020-16881-7 

Zhu, Q., Huang, S., Gonzalez, A., McGrath, I., McDonald, D., Haiminen, N., Armstrong, G., 
Vázquez-Baeza, Y., Yu, J., Kuczynski, J., Sepich-Poore, G. D., Swafford, A. D., Das, P., 
Shaffer, J. P., Lejzerowicz, F., Belda-Ferre, P., Havulinna, A. S., Méric, G., Niiranen, T., 
… Knight, R. (2022). Phylogeny-Aware Analysis of Metagenome Community Ecology 
Based on Matched Reference Genomes while Bypassing Taxonomy. MSystems, 7(2). 
https://doi.org/10.1128/MSYSTEMS.00167-22/SUPPL_FILE/MSYSTEMS.00167-22-
ST002.XLSX 

Zhu, Y. G., Gillings, M., Simonet, P., Stekel, D., Banwart, S., & Penuelas, J. (2017). Microbial 
mass movements. Science, 357(6356), 1099–1100. 
https://doi.org/10.1126/SCIENCE.AAO3007/SUPPL_FILE/AAO3007_ZHU_SM.PDF 

  

https://doi.org/10.1128/MBIO.02785-19/ASSET/C87D6EF3-55B5-45C3-8DA3-B982F8F2C8BE/ASSETS/GRAPHIC/MBIO.02785-19-F0006.JPEG
https://doi.org/10.1128/MBIO.02785-19/ASSET/C87D6EF3-55B5-45C3-8DA3-B982F8F2C8BE/ASSETS/GRAPHIC/MBIO.02785-19-F0006.JPEG


 
 

153  

Supplementary  
Figure S1. Summary of Sequencing Data Analysis A. Total number of 

sequences obtained after demultiplexing, quality controls, merging and 

eliminations of reads shorter than 25 bp of the raw data. In millions of sequencing 

reads, the filtered data had an average of 21.8, a standard deviation of 7.7, a 

minimum of 8.5 for sample Sc707 and Sc-689 rhizospheric soil and a maximum 

of 40.3 for sample Td-279 root. B. Average length (bp) value of the merged reads 

of the samples. Average values of the different samples are 40.72 for leaf, 48.02 

for rhizospheric soil and 42.14 for root samples.  

  



 

 154 

Figure S2. Effect of plant species on bacterial and eukaryotic root 

microbiomes. Principal Coordinates Analysis ordinations based on Bray-Curtis 

indices illustrate the distribution of eukaryotic (A) and bacterial (B) root 

communities according to the plant species (P< 0.05, PerMANOVA, Table S6).  
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Figure S3. Effect of plant species on bacterial and eukaryotic root 

microbiomes.  At the genus level, in the case of bacteria (A) and the samples 

from Saint-Cloud, a large proportion of the genera were identified in both soil 

and roots (53 % and 71 % for genera represented by at least 0.05 % (left) or 0.3 

% (right) of the total number of reads, respectively). Genera identified only in 

soil outnumbered those identified only in roots (39 versus 25 or 104 versus 42 

for genera represented by at least 0.3 % or 0.05 % of the total number of reads, 

respectively). A similar pattern of distribution of taxa between roots and soil was 

also observed for Eukarya for which the relaxed and stringent filtering thresholds 

were set to 0.1 (right) and 0.5 % (left) of the total number of reads"(B). 
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Table S1. Studied herbarium material. All samples came from the herbarium 
of the University Lyon 1 (LY), France. “species names”, “poisoned”, “variety”, 
“collection date” and “collection site” refer to information written on the 
herbarium sheets; “ni”, not indicated. Plants from Saint-Cloud were grown in a 
common garden that no longer exists due to urbanization of the area. “Specimen 
accession No.” refers to the Recolnat accession Nos. that allow visualizing the 
corresponding material 
(https://explore.recolnat.org/search/botanique/type=index).  
 

https://explore.recolnat.org/search/botanique/type=index
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Table S2. References nuclear, mitochondrial, and plastid plant genomes . 

All plant reference genomes were downloaded from the NCBI database. For 

species whose complete mitochondrial or chloroplast genomes were not 

available, genomes of phylogenetically-close plant species were selected. 

 

  

Specie Organelle Accession NCBI
Avena longiglumis Mitochondrion OP649434.1
Avena longiglumis Mitochondrion OP649436
Avena longiglumis Mitochondrion OP649437.1
Avena longiglumis Mitochondrion OP649435.1

Avena sativa Chloroplast MG687313.1
Avena sativa Chloroplast MK336398.1
Avena sativa Nuclear GCA_022788535.1 

Hordeum vulgare Mitochondrion AP017300.1
Hordeum vulgare Mitochondrion AP017301.1

Lactuca sativa Chloroplast AP007232.1
Lactuca sativa Chloroplast NC_007578.1
Lactuca sativa Mitochondrion NC_042756.1
Lactuca sativa Mitochondrion MZ159955.1
Lactuca sativa Nuclear GCA_002870075.4
Secale cereale Chloroplast NC_021761
Secale cereale Chloroplast LC645358.1
Secale cereale Nuclear GCA_016097815.1 

Triticum aestivum Mitochondrion EU534409.1
Triticum turgidum Chloroplast KJ614397.1
Triticum turgidum Chloroplast KJ614400.1
Triticum turgidum Chloroplast KJ614399.1
Triticum turgidum Chloroplast KJ614401.1
Triticum turgidum Chloroplast KJ614402.1
Triticum turgidum Chloroplast KJ614398.1
Triticum turgidum Chloroplast MG958545.1
Triticum turgidum Mitochondrion KJ078650.1
Triticum turgidum Mitochondrion KJ078649
Triticum turgidum Nuclear GCA_900231445.1
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Table S3. Reference genomes of the most abundant bacterial genera used to 

run MapDamage. MapDamage was run using the metagenomics sequences that 

did not map on plant genomes using as reference database all of the reference 

genomes (RefSeq present in the NCBI database of April 2023) affiliated to the 

10 most abundant bacterial genera identified following taxonomic affiliation of 

the sequences using Kaiju.  
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Table S4. Detailed description of the processing of the sequence datasets. 

Table includes information such as sample type, the number of merged reads, 

indexing PCR cycles, mapped sequences on plant genomes (Table S2), mapped 

reads on the h28 human reference genome, total numbers, percentages of mapped 

reads, and unmapped reads.  
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ID Matrix
Merge seqs (before 

mapping)
Plant mapped Seqs Human mapped Seqs Total mapped Seqs Total unmapped Seqs Percentage mapped Percentage unmapped

As_0166 Rhizospheric Soil 17336361 661262 8574 669836 16666525 3.863763566 96.13623643

As_0166 Root 31221262 15239658 14126 15253784 15967478 48.85703851 51.14296149

As_205 Rhizospheric Soil 20463286 6386169 35607 6421776 14041510 31.38193934 68.61806066

As_205 Root 23850577 18205374 5224 18210598 5639979 76.3528614 23.6471386

As_225 Rhizospheric Soil 26541264 3974705 8557 3983262 22558002 15.00780822 84.99219178

As_225 Root 19116070 7330070 12455 7342525 11773545 38.41022239 61.58977761

As_FH Rhizospheric Soil 13293613 6621323 5938 6627261 6666352 49.85297075 50.14702925

As_FH Root 26765683 23001060 2762 23003822 3761861 85.94520827 14.05479173

Ls_321 Root 39777561 21247151 29552 21276703 18500858 53.48920966 46.51079034

Ls_358 Root 24240906 12835256 17972 12853228 11387678 53.02288619 46.97711381

Ls_378 Rhizospheric Soil 14114408 5146825 13243 5160068 8954340 36.55886949 63.44113051

Ls_378 Root 20886175 5031499 44988 5076487 15809688 24.30548916 75.69451084

Ls_389 Rhizospheric Soil 17659989 1792955 16249 1809204 15850785 10.24464964 89.75535036

Ls_389 Root 20436865 14906923 9925 14916848 5520017 72.98990329 27.01009671

Ls_390 Leaf 24731271 21903879 10917 21914796 2816475 88.61168518 11.38831482

Ls_390 Rhizospheric Soil 16335140 2900464 161800 3062264 13272876 18.74648151 81.25351849

Ls_390 Root 25372586 15110630 15708 15126338 10246248 59.61685577 40.38314423

Sc_637 Rhizospheric Soil 18514951 7030561 4662 7035223 11479728 37.99752427 62.00247573

Sc_637 Root 24809146 17305371 5702 17311073 7498073 69.77698063 30.22301937

Sc_680 Rhizospheric Soil 13570350 4284689 6942 4291631 9278719 31.62505757 68.37494243

Sc_680 Root 29012106 20678504 4060 20682564 8329542 71.28942656 28.71057344

Sc_684 Leaf 20767518 18031055 1571 18032626 2734892 86.83091547 13.16908453

Sc_684 Rhizospheric Soil 15222638 1596660 11532 1608192 13614446 10.56447641 89.43552359

Sc_684 Root 28472297 18517131 9294 18526425 9945872 65.06824862 34.93175138

Sc_689 Rhizospheric Soil 8566991 1862634 386484 2249118 6317873 26.25330177 73.74669823

Sc_689 Root 30248982 24674832 4712 24679544 5569438 81.58801509 18.41198491

Sc_707 Rhizospheric Soil 8515366 2665406 4423 2669829 5845537 31.35307396 68.64692604

Sc_707 Root 12507885 5120958 5466 5126424 7381461 40.98553832 59.01446168

Td_270 Rhizospheric Soil 12972221 1827549 3743 1831292 11140929 14.11702745 85.88297255

Td_270 Root 26976280 19709544 9021 19718565 7257715 73.09593836 26.90406164

Td_279 Rhizospheric Soil 16195887 4457170 7612 4464782 11731105 27.56738177 72.43261823

Td_279 Root 40313091 28567253 13778 28581031 11732060 70.89764216 29.10235784

Td_283 Leaf 18918573 16504141 3249 16507390 2411183 87.25494254 12.74505746

Td_283 Rhizospheric Soil 18908106 2135956 8824 2144780 16763326 11.34317737 88.65682263

Td_283 Root 28551986 19085380 7306 19092686 9459300 66.8699053 33.1300947

Td_284 Rhizospheric Soil 16131606 1937337 11744 1949081 14182525 12.08237419 87.91762581

Td_284 Root 32734421 19311361 17268 19328629 13405792 59.04680275 40.95319725

Td_297 Rhizospheric Soil 14721660 5597409 71688 5669097 9052563 38.50854455 61.49145545

Td_297 Root 32341450 21766796 8948 21775744 10565706 67.33075975 32.66924025
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Table S5. PerMANOVA test of Eukarya and Bacteria beta diversity 

(phylum and genus levels). The table presents all the parameters obtained from 

PerMANOVA tests on Eukarya and Bacteria beta diversity matrices. Microbial 

communities, both at genus and phylum level, were significantly diverse among 

sample types (root and rhizospheric soil), geographic origins and plant species. 

In the tables are reported degree of freedom (df), sum of squares, coefficients of 

determination (R2), F statistic value (F), P-value (Pr(>F)). 

  

Df Sum of squares R2 F Pr(>F)
Species 3 0.05114 0.13594 5.41 0.001 ***
Matrix 1 0.13773 0.36611 43.71 0.001 ***
Origins 3 0.11043 0.29356 11.638 0.001 ***

Residual 28 0.08823 0.23452
Total 35 0.37619 1

Df Sum of squares R2 F Pr(>F)
Species 3 0.06611 0.10404 3.2938 0.004 **
Matrix 1 0.23884 0.37585 35.6964 0.001 ***
Origins 3 0.12899 0.20299 6.4265 0.001 ***

Residual 28 0.18734 0.29482
Total 35 0.63545 1

Df Sum of squares R2 F Pr(>F)
Species 3 0.06611 0.10404 3.2938 0.004 **
Matrix 1 0.23884 0.37585 35.6964 0.001 ***
Origins 3 0.12899 0.20299 6.4265 0.001 ***

Residual 28 0.18734 0.29482
Total 35 0.63545 1

Bacteira + Eukarya - Phylum level

Bacteria - Genus level

Eukarya  - Genus level
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Table S6. PerMANOVA test of Eukarya and Bacteria beta diversity of root 

microbiomes.  

The table presents all the parameters obtained from PerMANOVA tests on 

Eukarya and Bacteria beta diversity matrices reduced to root microbiome 

samples. Root microbiome communities, at genus level, were significantly 

different among sample types (root and rhizospheric soil) geographic, origins and 

plant species. In the tables are reported degree of freedom (df), sum of squares, 

coefficients of determination (R2), F statistic value (F), P-value (Pr(>F)). 

 
  

Df Sum of squares R2 F Pr(>F)
Species 3 0.075207 0.26325 2.7259 0.002 **
Origins 3 0.100787 0.35279 3.6531 0.001 ***

Residual 12 0.110359 0.38629
Total 18 0.285685 1

Df Sum of squares R2 F Pr(>F)
Species 3 0.15843 0.28732 3.9712 0.001 ***
Origins 3 0.2461 0.44629 6.1685 0.001 ***

Residual 12 0.15958 0.2894
Total 18 0.55143 1

Genus level - Bacteria - Root samples

Genus level - Eukarya - Root samples
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Table S7. PerMANOVA test on simka results of herbarium metagenomics 

datasets.  

The table presents all the parameters obtained from PerMANOVA tests of output 

file obtained from simka. In the tables are reported degree of freedom (df), sum 

of squares, coefficients of determination (R2), F statistic value (F), P-value 

(Pr(>F)).  

 

 
  

Df Sum of squares R2 F Pr(>F)
Species 3 2.6318 0.15945 2.3758 0.001 ***
Matrix 2 1.3408 0.08123 1.8155 0.001 ***
Origins 3 1.379 0.08354 1.2448 0.002 **

Residual 30 11.0776 0.67113
Total 38 16.5059 1
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Chapter 6. Future perspectives: herbarium soils to 
investigate the consequences of agriculture 

intensification on the soil microbiome 
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In the previous chapters of this manuscript, we demonstrated that soil and 
herbarium roots represent an exceptional resource for describing ancient soil 
microbial communities (up to ca. two centuries-old). In this final chapter, we will 
present future perspectives that could be addressed using this material. 

A central theme will be the functional annotation of historical DNA and 
the assembly of sequences to reconstruct the entire genomes of microbial 
microorganisms of the past (so-called MAGs, Metagenome assembled genomes), 
thus paving the way for the functional analysis of soil communities over time. 
Subsequently, we will discuss the “HerbaSoil” project, which aims to extend the 
work of the present thesis by using herbarium soil samples collected over 
approximately 250 years to analyze temporal changes in microbial communities. 
The project will focus on identifying the impacts of intensive farming on 
microorganisms, using both herbarium soil samples and modern agricultural ones 
from the same geographic areas where the herbarium plants were collected 
several decades earlier. 

These approaches will not only provide a better understanding of the 
evolution of microbial communities in response to agricultural practices but may 
also provide insights into the sustainable management of agricultural resources 
in the future. 

 

Assembly of historical microbial genomes associated to 
herbarium plants 
 
Molecular paleomicrobiology is revolutionizing microbiology by inserting 
microorganisms into a historical framework, what classical microbiology could 
not do. This groundbreaking discipline not only unveils the mysteries of the past 
evolution of microorganisms but also serves as an entry point to exploring 
uncharted territories of the microbial realm. In this respect, the de novo assembly 
of microbial genomes from historical samples allows for the investigation of 
species within a more complex microbial community (such as pathogens or 
symbionts) and the exploration of their functions and characteristics. This has 
already been performed for pathogens associated to herbarium plants; this 
resulted in the partial assembly of the genomes of the Oomycete P. infestans, the 
causal agent of Potato late blight and in the assembly of the full-length genome 
of the bacterium Xanthomonas citri, agent of the Citrus canker disease (Campos 
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et al., 2023; Hartung et al., 2015; Yoshida et al., 2013). Besides these examples 
that targeted the cited pathogens, applying this approach to dental calculus 
samples (not yet to plants) enabled unveiling species previously unknown to 
science, representing a new milestone for the discipline. One particularly 
fascinating result is the discovery of a secondary metabolite biosynthetic gene 
cluster present in the oral microbiomes of both Neanderthals and modern humans 
who lived during the Middle and Upper Paleolithic periods (Klapper et al., 2023). 
Additionally, a large-scale de novo assembly of microbial genomes from 
palaeofaeces has led to the discovery and characterization of previously 
undescribed gut microorganisms from ancient microbiomes and the investigation 
of the evolutionary history of the human gut microbiota (Wibowo et al., 2021). 

In herbarium specimens, the use of assembly could be very useful for 
studying the structure and evolution of the plant genome (identifying genetic 
modifications or specific cultivars) and also for studying individual 
microorganisms in the associated microbiome. In the case of plants, studies that 
indeed use herbarium plants or archeological plant remains to reconstruct plant 
genomes to trace plant diversity and recent plant evolution and adaptation to new 
environments have been published (Goloubinoff et al., 1993; Gutaker et al., 2017; 
Mazo et al., 2012). Using the data obtained in Chapter 5, an assembly of DNA 
sequences was performed and resulted in the partial or full-length assembly of 
chloroplast genomes of Avena, Secale, Lactuca, and Triticum. Complete 
reconstruction of the chloroplast genomes was achieved for leaf and for several, 
but not all, root DNA extracts (Fig. 1). In the case of soil DNA, reconstruction 
proved more complex, resulting in only fragmented genome assemblies. This is 
likely due to the presence of fewer plant DNA sequences in soil and root samples. 
Regarding microorganisms, a de novo assembly was also attempted to obtain 
genomic fragments of microbial origin. However, the analysis only allowed to 
obtain small genomic fragments of microorganisms without the possibility of 
obtaining whole microbes genomes or genes. 

In the future, deeper sequencing of herbarium soil samples may allow for 
the reconstruction of genomic fragments, or even entire genomes, from the most 
abundant microbial species. However, the high microbial richness of soils and 
the fragmentation of DNA during the conservation period in herbaria will make 
this process challenging. It will be necessary to optimize methods to obtain intact 
microbial genomes and rely on curated and comprehensive genomic databases. 
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Figure 3. Chloroplast genome reconstruction from herbarium leaf, root and soil samples. 
The image shows circular plot of the chloroplast genomes of Avena, Secale, Triticum, and 
Lactuca assembled from each of the different metagenome datasets described in Chapter 3. Maps 
demonstrate that contigs assembled from leaf and root samples (green and blue, respectively) 
are often more complete compared to those from soil samples, which are characterized by shorter 
and more scattered fragments (red). The reference chloroplast genomes used for Secale, 
Triticum, Avena, and I are NC_021761.1, KM352501.1, NC_027468.1, and NC_0075781.1, 
respectively, available in GenBank. Assembly was performed using the same methods describe 
in chapter 3 and visualized using proksee tools (Grant et al., 2023). 
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“HerbaSoil”, a project to investigate the impacts of farming 
intensification on soils and soil microbiomes 

The “HerbaSoil” project, funded by Sorbonne Université (2023-2025), aims at 
highlighting recent temporal changes in agricultural soils and soil microbial 
communities. The project implements an innovative diachronic experimental 
approach based on the analysis of soils associated with the roots of herbarium 
crop plants. These historical soils will be characterized for both their physico-
chemical properties and their microbial communities after the extraction, 
sequencing, and annotation of their ancient DNA (aDNA) content. The diversity 
of historical soil microbial communities will then be compared to the diversity of 
current communities present in soils associated with the same crop plant species. 
The project aims at investigating changes and shifts that have characterized the 
soil microbiome over the last 200 years, a period marked by the acceleration of 
global changes and the intensification of agricultural practices. Intensive 
farming, promoted after around the end of the Second World War (WWII), is 
characterized by the massive use of synthetic chemicals (fertilizers and 
pesticides), of new high-yielding crop varieties and by mechanization and 
homogenization of agricultural landscapes. In the absence of historical records of 
soil microorganism diversity, a direct answer to this question would require 
access to collections of "ancient" (pre-WWII) agricultural soils that have 
preserved signatures, in the form of ancient DNA (aDNA) fragments of their 
original microbial communities. The following hypotheses have been 
formulated: 

(i) “Ancient” agricultural soils differ from “modern” ones with respect to 
macronutrient composition and N isotopic signature and metallic contaminants 
because of prolonged application of chemical fertilizers. 

(ii) “Ancient” soils differ from “modern” ones with respect to the taxonomic and 
phylogenetic diversity of microbial species, with e.g. more copiotrophic taxa 
resulting from higher productivity. 

(iii) “Ancient” soils differ from “modern” ones with respect to the functional 
diversity of microbial species, especially for functions related to nutrient cycling 
and resistance to antimicrobial compounds. 
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“HerbaSoil” focuses on the rhizosphere soils of two major cereals, wheat 
(Triticum aestivum) and barley (Hordeum vulgare). Both species are well 
represented in herbaria and are still widely cultivated in France. For each species, 
soils (ca. 100 mg) were sampled from ca. 60 herbarium specimens (Fig 2) 
collected between ca. 1820 and 1980, thus covering as wide temporal period but 
also geographical area (Fig.2). 

With regard to modern agricultural soils, about 50 farmers were contacted 
to sample wheat and barley plants in their field during the 2024 growing season. 
For comparability between ancient and modern samples, most farmers were close 
to the place where ancient herbarium samples had historically been collected. 
Modern plants will be air-dried and adhering rhizospheric soil collected a few 
months later to mimic herbarium plant preparation.  

Soils sampled from herbarium and modern plants will be subjected 
chemico-physical measurements such as pH, total C, N and 13C, 15N contents by 
EA-MS; macro and microelements (Al, Ca, Cd, Cu, K, Mg, Mn, Fe, Si, Zn, ...) 
contents by ICP-MS and X-ray fluorescence. DNA from herbarium soil samples 
will be extracted as described in Chapter 3. Soil DNA will be sequenced to obtain 
at least 40 million of 150bp reads per sample. Sequences will be analyzed using 
the bioinformatics protocols described in Chapter 5 for the study of microbiomes 
taxonomic diversity. In addition, microbial metagenomic reads will also be 
subjected to functional annotation to relate them to protein sequences of known 
functions. To that aim, reads will be mapped to reference bacterial and fungal 
genomes and to curated protein databases. De novo assembly of "Metagenome 
Assembled Genomes" (MAGs) followed by taxonomical and functional 
annotations will also be attempted. In this way, through a comparison of modern 
and historical soils, we expect to highlight taxonomic and functional shifts that 
have characterized the microbial communities over the last 200/250 years. 
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Figure 4  Origin of soil herbarium samples selected for the “HerbaSoil” project. Map of France 
showing the geographical distribution of the 60 herbarium soil samples. The bar plot indicates the 
temporal distribution of the soil sample from the 1820 to 1980. 
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Conclusion 
 
The numerous herbarium plant specimens worldwide, many of which 
unfortunately still not digitized and buried within immense collections, represent 
a multifunctional tool that allows the investigation of various aspects of plant 
biology, ecology in the historical and cultural context of the collection period. 

In the previous chapters, we have shown how the soils present in the 
samples add a new dimension to herbaria by allowing exploration of plant-
associated past soil microbial and viral communities. Soil is a material associated 
to various herbarium crop plant genera (especially those with complex and 
extensive root systems like in the Poaceae and Polygonaceae) and DNA 
extraction has been successfully performed on several samples of Hordeum and 
Triticum, showing that factors such as collection period and drying processes do 
not dramatically affect DNA preservation. Preservation appears however to be 
affected by several physico-chemical characteristics of the original soil (Chapter 
3). 

The analysis of microbial DNA of herbarium soil, as shown in Chapter 5, 
allowed us to suggest that herbarium soil preserve the original characteristics of 
their microbiomes that are comparable to modern ones. Additionally, through the 
analysis of DNA extracted from herbarium specimens, it was possible to 
assemble viral genomes, as illustrated in Chapter 3. 

Herbarium soil samples can thus be considered true repositories of soil 
and plant microbial diversity over the last ca three centuries. In the future, their 
study may highlight the changes that the Anthropocene has caused to soil-
associated microorganisms. Furthermore, optimizing protocols and methods will 
refine the analysis of these samples, allowing for better characterization of the 
taxonomic composition of past microbial communities and a deeper 
understanding of their original functionalities. 
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