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The pitfalls of extrapolating host-specific microbial diversity estimates

Estimating global species diversity has long been a challenging endeavor, with microorganisms constituting a
particularly cryptic aspect of Life [1, 2]. In a recent meta-analysis, Larsen et al. [3] attempted to estimate the
global number of host-associated bacterial operational taxonomic units (OTUs, a bacterial species analog),
by extrapolating an estimated number of 10.7 unique OTUs per insect species to an estimated 163.2 million
animal species worldwide, concluding that there exist billions of bacterial OTUs (10.7 x 163.2 x 10°).
Their findings suggested the existence of an immense undiscovered bacterial diversity and triggered anew
discussions about the relative contribution of microbial taxa to the “Pie of Life” [3]. Here we explain why
Larsen et al.’s extrapolation is mathematically erroneous and likely led to a severe overestimate of global
host-associated bacterial OTU diversity, henceforth denoted V.

Based on pairwise comparisons of congeneric insect species, Larsen et al. calculated the average number
of OTUs per host species and the average number of OTUs unique to each host species when compared
to another randomly chosen congeneric species. For example, using previously published data [4], Larsen
et al. calculated that each species in the Cephalotes genus (turtle ants) has on average 19 bacterial OTUs
and that on average 9 OTUs were shared in any given comparison of two Cephalotes species, concluding
that each Cephalotes species has 10 unique bacterial OTUs. Larsen et al. obtained comparable results for
the genera Drosophila and Nasonia, and thus concluded that each insect species has on average U = 10.7
unique bacterial OTUs, and hence that S = 163.2 x 10° animal species must host ~ S x U distinct OTUs.
Larsen et al.’s assumption that U generally applies to animal species other than insects is itself questionable,
and so is their relatively high estimate of 163 million animal species (e.g., Mora et al. [5] predicts only ~7.7
million animal species). Nevertheless, here we shall focus on a more fundamental (mathematical) issue in
Larsen et al.’s reasoning, by showing that the product S x U is under no circumstances a proper estimator
for N, for two important reasons.

First, Larsen et al. estimated U solely by comparing congeneric host species, and it is known that substantial
overlap exists between the microbiota of different host genera and even of distantly related animal taxa. This
overlap is partly due to host trait convergences [6-9], and partly due to the fact that some bacteria found
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in hosts are not host-specific but merely taken up temporarily from the environment. For example, the gut
microbiota of fish overlap substantially with those of mammals and insects [7]. The extent of such overlaps
cannot possibly be inferred solely from congeneric host species comparisons, but it is needed for correctly
extrapolating to all animal taxa. To illustrate our point, in the (admittedly extreme) hypothetical scenario
where each animal family has the same set of bacterial OTUs, N would be equal to the OTU diversity within
a single animal family; purely congeneric host species comparisons could never rule out such a scenario.

Second, even if there was no overlap between the microbiota of distinct animal genera (an unrealistic
scenario, which would result in the highest possible NV, given Larsen et al.’s U and S), the proper estimate
for N would be G' x N, where G is the number of animal genera and N, is the number of bacterial OTUs
per animal genus. Assuming that Larsen et al.’s pairwise congeneric host species comparisons are indeed
representative, [V, may be estimated for a particular animal genus using the Chao2 incidence-based diversity
estimator [10, Eq. 11a]. The Chao2 estimator was originally designed for estimating total (observed +
unobserved) OTU diversity in a “region” or “community” (here, an animal genus) based on the number of
OTUs observed once or twice in a set of independent “sampling units” (here, two congeneric host species),
and is thus particularly suited for interpreting Larsen et al.’s data. In the latter case, the Chao2 estimator
takes the simple form

B2
- B-U’
where B is the average number of bacterial OTUs found in a single host species. Note that the above estima-
tor is mathematically analogous to mark-recapture approaches conventionally used to estimate the size of a
population [11], with B being analogous to the number of individuals marked in the first survey and B — U
being analogous to the number of marked individuals recaptured in a subsequent survey.

Ny ey

Taking Larsen et al.’s calculations for Cephalotes as an example (B = 19, U = 10), Eq. (1) would predict
only Ny = 40.1 OTUs for the entire Cephalotes genus. We point out that an approach analogous to Larsen
etal. [3], i.e. estimating N, as Sy x U (where S is the number of Cephalotes species), would fail even for
a single genus. The reason is that the number of OTUs unique to a host species, when compared to a single
random congeneric species, is generally greater than the number of OTUs unique to a host species when
compared to all other congeneric species together. In other words, the number of OTUs that are truly unique
to a host species (i.e., not found in any other host), is generally much smaller than the average number of
OTUs unique to a host in pairwise comparisons. The Cephalotes genus contains about 130 described species
[3], and Mora et al. [5, Fig. S4] also estimate that there are about 100 species per animal genus. Assuming
~100 species per animal genus, and assuming that Larsen et al.’s estimate of global animal species diversity
is correct, there are G ~ S/100 ~ 1,632, 000 animal genera, and hence at most 65,443,200 bacterial OTUs
globally (1,632,000 x 40.1).

In conclusion, even if Larsen et al.’s estimates of U and B for insect genera can be generalized to all
animal genera, and even if there was no overlap between the microbiota of distinct animal genera (evidently
a strongly unrealistic scenario [6, 7]), and even if Larsen et al.’s unusually high estimate of S = 163.2 x 109
animal species was accurate, a mathematically correct use of Larsen etal.’s U, B and .S would predict a global
bacterial diversity 25 times lower than claimed by Larsen et al. [3]. Using the animal diversity estimate by
Mora et al. [5], the estimate further reduces to 3,087,700 bacterial OTUs. Taking into account the substantial
overlap between animal genera would further reduce the estimated /N. For example, even at a conservative
overlap of only 0.1% between any two randomly chosen genera, the global host-associated bacterial diversity
estimate would drop to 40,100 OTUs (applying the Chao2 estimator for B = 40.1 and U = 0.999 - B).
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